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  Abstract	  	  The	  ability	  to	  spatially	  restrict	  specific	  activities	  across	  the	  cell	  cortex	  functionally	  defines	  individual	  cells	  and	  tissues.	  	  This	  is	  achieved,	  in	  part,	  via	  the	  assembly	  of	  protein	  complexes	  that	  link	  the	  plasma	  membrane	  to	  the	  underlying	  cortical	  actin	  cytoskeleton.	  	  The	  neurofibromatosis	  type	  2	  (NF2)	  tumor	  suppressor	  Merlin	  and	  closely	  related	  ERM	  proteins	  (Ezrin,	  Radixin	  and	  Moesin)	  are	  a	  special	  class	  of	  such	  membrane:cytoskeleton	  associated	  proteins	  that	  function	  to	  organize	  specialized	  cortical	  domains.	  	  In	  addition	  to	  their	  high	  degree	  of	  similarity,	  mounting	  evidence	  suggests	  that	  Merlin/ERMs	  share	  a	  functional	  relationship,	  which	  is	  largely	  unexplored.	  	  Unlike	  Merlin,	  the	  ERMs	  are	  not	  known	  to	  inhibit	  cell	  proliferation;	  in	  fact,	  Ezrin	  is	  thought	  to	  promote	  tumor	  metastasis.	  	  Defining	  the	  relationship	  between	  Merlin	  and	  the	  ERMs	  is	  essential	  to	  appreciating	  their	  respective	  roles	  in	  cancer	  development.	  	  	  Here	  I	  demonstrate	  a	  novel	  role	  for	  Merlin	  and	  the	  ERMs	  in	  generating	  cortical	  asymmetry	  in	  the	  absence	  of	  external	  cues.	  	  Our	  data	  reveal	  that	  Merlin	  functions	  to	  restrict	  the	  cortical	  distribution	  of	  Ezrin,	  which	  in	  turn	  positions	  the	  interphase	  centrosome	  in	  single	  epithelial	  cells	  and	  3D	  organotypic	  cultures.	  	  In	  the	  absence	  of	  Merlin,	  ectopic	  cortical	  Ezrin	  yields	  mispositioned	  centrosomes,	  misoriented	  spindles	  and	  aberrant	  epithelial	  architecture.	  	  Furthermore,	  in	  tumor	  cells	  with	  centrosome	  amplification,	  the	  failure	  to	  restrict	  cortical	  Ezrin	  abolishes	  
	   iv	  
centrosome	  clustering,	  yielding	  multipolar	  mitoses.	  	  Consistent	  with	  a	  functional	  relationship,	  I	  observe	  a	  strong	  genetic	  interaction	  between	  Nf2	  and	  Ezrin	  in	  the	  mouse	  intestine	  in	  vivo.	  Finally,	  I	  begin	  to	  address	  the	  basis	  of	  their	  functional	  interaction	  by	  testing	  whether	  they	  are	  coordinately	  regulated	  by	  the	  Ste-­‐20	  like	  kinase	  SLK.	  Altogether,	  these	  data	  uncover	  fundamental	  roles	  for	  Merlin/ERM	  proteins	  in	  spatiotemporally	  organizing	  the	  cell	  cortex	  in	  vitro	  and	  in	  vivo	  and	  suggest	  that	  Merlin’s	  role	  in	  promoting	  cortical	  heterogeneity	  may	  contribute	  to	  tumorigenesis	  by	  disrupting	  cell	  polarity,	  spindle	  orientation	  and	  potentially	  genome	  stability.	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  decisions,	  especially	  through	  the	  rough	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  played;	  Samira,	  thank	  you	  for	  making	  me	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  is	  a	  major	  reason	  I	  am	  a	  scientist	  today.	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  me	  the	  necessary	  tools	  and	  support	  to	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Cortical	  organization	  	  	  The	  cell	  cortex	  is	  defined	  by	  the	  dynamic	  interactions	  between	  plasma	  membrane	  proteins	  and/or	  lipids	  and	  the	  underlying	  cortical	  cytoskeleton	  (Fehon	  et	  al.	  2010;	  Rauzi	  and	  Lenne	  2011).	  	  The	  cortical	  cytoskeleton	  provides	  both	  physical	  support	  for	  cellular	  structures	  such	  as	  microvilli	  and	  a	  scaffold	  for	  membrane	  protein	  complexes	  that	  partition	  the	  membrane:cytoskeleton	  interface	  into	  physically	  and	  functionally	  distinct	  domains.	  The	  establishment	  of	  these	  domains	  is	  critical	  for	  cells	  to	  sense,	  interpret,	  and	  respond	  to	  signals	  from	  the	  extracellular	  milieu.	  	  In	  order	  to	  do	  this	  efficiently	  the	  membrane	  cytoskeleton	  must	  be	  highly	  dynamic.	  Adhesion	  between	  the	  cytoskeletion	  and	  overlaying	  plasma	  membrane	  is	  regulated	  by	  multiple	  weak,	  reversible	  interactions	  between	  membrane	  lipids	  and	  cytoskeletal	  proteins	  and	  by	  interaction	  of	  transmembrane	  receptors	  and	  associated	  protein	  complexes	  with	  the	  cortical	  cytoskeleton	  (Sheetz	  2001;	  Sheetz	  et	  al.	  2006).	  	  	  The	  molecular	  basis	  of	  how	  the	  cortical	  cytoskeleton	  communicates	  with	  membrane	  complexes	  to	  control	  their	  activity	  and	  distribution	  is	  not	  well	  understood.	  	  There	  is,	  however,	  a	  well-­‐defined	  role	  for	  the	  cortical	  cytoskeleton	  in	  controlling	  the	  internalization	  and	  processing	  of	  endocytic	  vesicles	  (Kaksonen	  et	  al.	  2006).	  	  Regulated	  linkage	  between	  the	  actin	  cytoskeleton	  and	  associated	  membrane	  complexes	  could	  control	  receptor	  activity	  by	  dictating	  endocytic	  pathways.	  	  Indeed,	  endocytosis	  is	  critical	  for	  controlling	  EGFR	  activation,	  degradation	  and	  recycling	  (Sorkin	  and	  Goh	  2009).	  	  In	  addition,	  it	  has	  been	  shown	  that	  the	  cortical	  cytoskeleton	  and	  associated	  membrane	  proteins	  can	  restrain	  receptors	  by	  forming	  molecular	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fences	  that	  confine	  receptors,	  impeding	  their	  lateral	  movement	  and	  increasing	  the	  likelihood	  that	  they	  aggregate	  (Kusumi	  et	  al.	  2005).	  	  Tethering	  or	  corralling	  membrane	  proteins	  to	  the	  cytoskeleton	  could	  also	  be	  used	  to	  bring	  them	  in	  close	  proximity	  to	  specific	  cytoplasmic	  components	  of	  signal	  transduction	  pathways.	  	  There	  is	  much	  to	  be	  gained	  by	  understanding	  the	  regulated	  linkage	  between	  the	  cell	  membrane	  and	  cortical	  cytoskeleton	  and	  this	  is	  the	  precise	  location	  where	  the	  neurofibromatosis	  type	  2	  tumor	  suppressor,	  Merlin	  and	  closely	  related	  ERM	  (Ezrin,	  Radixin	  and	  Moesin)	  proteins	  have	  their	  primary	  function	  in	  providing	  regulated	  linkage	  between	  the	  cell	  membrane	  and	  cortical	  cytoskeleton.	  	  
Cortical	  asymmetry	  The	  ability	  to	  spatially	  restrict	  specific	  activities	  across	  the	  cell	  cortex	  functionally	  defines	  individual	  cells	  and	  tissues.	  Cortical	  asymmetry	  refers	  to	  the	  polarized	  distribution	  of	  membrane	  complexes	  and	  mechanical	  properties	  across	  the	  cortex.	  In	  addition	  to	  mechanical	  forces,	  cortical	  asymmetry	  in	  many	  cases	  is	  directed	  by	  extracellular	  positional	  cues	  including	  cell:cell	  and	  cell:ECM	  contacts	  (St	  Johnston	  and	  Ahringer	  2010).	  These	  positional	  cues	  can	  also	  be	  generated	  intrinsically.	  	  For	  example,	  budding	  yeast	  can	  break	  symmetry	  in	  the	  absence	  of	  a	  polarizing	  cue	  (bud	  scar	  or	  chemoattractant	  gradient)	  in	  two	  ways.	  	  One	  depends	  on	  an	  actin-­‐based	  positive	  feedback	  loop	  in	  which	  Cdc42	  directs	  its	  own	  transport	  to	  form	  a	  polar	  cap.	  	  The	  second	  is	  actin-­‐independent	  and	  requires	  Bem	  1,	  a	  protein	  with	  multiple	  binding	  domains	  that	  initiates	  the	  formation	  of	  a	  signaling	  complex	  that	  includes	  Cdc42	  (Slaughter	  et	  al.	  2009).	  	  However,	  the	  molecular	  mechanisms	  by	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which	  cells	  intrinsically	  generate	  polarity	  are	  unclear	  and	  it	  is	  not	  clear	  whether	  mammalian	  cells	  can	  do	  this.	  	  	  Cortical	  forces	  are	  generated	  via	  Myosin	  II	  and	  actin	  filament	  assembly,	  which	  are	  spatially	  and	  temporally	  controlled	  in	  the	  cell.	  	  Determining	  how	  the	  cortical	  forces	  established	  by	  actomyosin	  networks	  are	  coupled	  to	  adhesion	  structures	  is	  critical	  for	  understanding	  important	  biological	  processes	  such	  as	  tissue	  morphogenesis.	  In	  single	  cells	  and	  single	  celled	  organisms	  cortical	  asymmetry	  can	  be	  triggered	  by	  external	  cues	  such	  as	  sperm	  entry	  or	  by	  the	  cortical	  scar	  that	  marks	  the	  site	  of	  an	  earlier	  cell	  division	  (Macara	  and	  Mili	  2008;	  St	  Johnston	  and	  Ahringer	  2010).	  	  For	  example,	  the	  C.	  elegans	  embryo	  contains	  a	  dynamic	  and	  contractile	  actomyosin	  network	  that	  is	  destabilized	  at	  the	  point	  of	  sperm	  entry.	  	  This,	  in	  turn,	  initiates	  a	  cortical	  flow	  of	  nonmuscle	  myosin	  and	  F-­‐actin	  that	  drives	  asymmetry	  of	  the	  PAR	  proteins	  at	  the	  membrane	  (Munro	  et	  al.	  2004).	  	  
	   In	  addition	  to	  actin	  and	  myosin	  mediated	  force	  generation	  at	  the	  cortex,	  inositol	  phospholipids	  play	  an	  important	  role	  in	  generating	  cortical	  asymmetry	  to	  orchestrate	  the	  establishment	  and	  maintenance	  of	  cellular	  architecture	  (Shewan	  et	  al.	  2011).	  	  In	  particular,	  the	  establishment	  of	  apical-­‐basal	  polarity	  is	  critical	  and	  phosphatidylinositides	  play	  an	  important	  role	  in	  generating	  these	  domains.	  	  For	  example,	  MDCK	  cells	  polarize	  in	  3D	  culture	  where	  PIP2	  localizes	  apically	  and	  PIP3	  is	  restricted	  to	  the	  basolateral	  membrane	  (Gassama-­‐Diagne	  et	  al.	  2006;	  Martin-­‐Belmonte	  et	  al.	  2007).	  	  These	  two	  phospholipids	  play	  a	  key	  role	  in	  defining	  the	  apical	  and	  basolateral	  membranes,	  respectively	  since	  targeting	  exogenous	  PIP3	  to	  the	  apical	  surface	  leads	  to	  the	  accumulation	  of	  basolateral	  protein	  markers	  to	  the	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apical	  surface	  and	  vice	  versa.	  	  How	  PIP2	  and	  PIP3	  asymmetry	  is	  established	  is	  not	  clear.	  	  However,	  the	  phosphatase	  PTEN	  and	  PI3-­‐kinase	  are	  recruited	  to	  the	  apical	  and	  basolateral	  membrane,	  respectively	  via	  PAR-­‐3	  and	  DLG	  to	  perform	  their	  function	  (Laprise	  et	  al.	  2004).	  While	  PIP2	  and	  PIP3	  can	  be	  regulated	  downstream	  of	  cortical	  polarity	  complexes	  the	  robust	  effects	  of	  targeting	  PIP2	  or	  PIP3	  to	  the	  opposite	  membrane	  suggest	  that	  this	  pathway	  may	  also	  feed	  back	  to	  regulate	  polarity	  complexes.	  	  Furthermore,	  it	  is	  unknown	  whether	  inositol	  phospholipids	  might	  play	  a	  role	  in	  generating	  cortical	  asymmetry	  in	  the	  absence	  of	  polarity	  cues.	  	   The	  generation	  of	  cortical	  asymmetry	  is	  critical	  for	  a	  number	  of	  important	  biological	  functions	  including	  asymmetric	  cell	  division,	  morphogenesis,	  and	  positioning	  of	  receptors;	  disruption	  of	  these	  each	  of	  these	  processes	  has	  been	  linked	  to	  tumorigenesis.	  	  	  	  
FERM	  domain-­‐containing	  proteins:	  	  linking	  the	  membrane	  and	  cytoskeleton	  Protein	  4.1	  is	  one	  of	  the	  earliest	  recognized	  cortical	  organizing	  proteins	  (Anderson	  and	  Lovrien	  1984;	  Anderson	  and	  Marchesi	  1985;	  Mangeat	  1988).	  	  It	  is	  the	  founding	  member	  of	  a	  superfamily	  of	  proteins	  that	  have	  highly	  conserved	  FERM	  (Four-­‐point	  one,	  Ezrin,	  Radixin,	  Moesin)	  domains	  at	  the	  N-­‐terminus	  of	  the	  molecule	  and,	  in	  many	  cases	  a	  spectrin/actin	  binding	  domain	  (Chishti	  et	  al.	  1998).	  Protein	  4.1	  was	  originally	  identified	  as	  a	  structural	  component	  of	  the	  erythrocyte	  undercoat,	  where	  it	  serves	  to	  anchor	  the	  cytoskeleton	  to	  the	  membrane	  (Sun	  et	  al.	  2002).	  	  It	  accomplishes	  this	  in	  part	  via	  binding	  spectrin	  and	  actin	  to	  promote	  their	  association,	  as	  well	  as	  tubulin	  and	  glycophorin	  C	  (Ohanian	  et	  al.	  1984;	  Correas	  and	  Avila	  1988;	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Hemming	  et	  al.	  1994).	  	  Indeed,	  mice	  null	  for	  Protein	  4.1	  R	  (erythrocyte)	  have	  abnormally	  shaped	  red	  blood	  cells	  (Shi	  et	  al.	  1999).	  Thus,	  members	  of	  the	  Protein	  4.1	  superfamily	  appear	  to	  be	  critical	  regulators	  of	  membrane	  integrity	  and/or	  assembly	  via	  their	  FERM	  domain	  interactions	  
	   The	  FERM	  domain	  is	  a	  tri-­‐lobed	  (F1,	  F2	  and	  F3)	  structure	  responsible	  for	  anchoring	  to	  membrane	  proteins	  (Chishti	  et	  al.	  1998;	  Pearson	  et	  al.	  2000)	  and	  can	  be	  tethered	  to	  a	  number	  of	  different	  functional	  domains.	  	  Interestingly,	  14	  orthologous	  groups	  of	  FERM	  domain-­‐containing	  proteins	  can	  be	  found	  in	  worms,	  flies	  and	  mammals	  but	  not	  yeast,	  suggesting	  a	  dramatic	  expansion	  of	  this	  superfamily	  occurred	  in	  response	  to	  the	  increased	  organizational	  challenges	  presented	  by	  multicellularity	  (Bretscher	  et	  al.	  2002).	  	  In	  a	  subset	  of	  these	  proteins,	  including	  the	  ERMs	  and	  Merlin,	  the	  FERM	  domain	  is	  accompanied	  by	  disparate	  domains	  that	  link	  it	  to	  the	  cytoskeleton.	  	  At	  the	  membrane:cytoskeleton	  interface,	  the	  ERM	  proteins	  and	  Merlin	  are	  poised	  to	  receive	  and	  interpret	  signals	  from	  the	  extracellular	  milieu	  and	  transmit	  them	  to	  the	  cell	  interior.	  	  	  	  
	  
The	  ERM	  proteins	  organize	  the	  cell	  cortex	  
ERM	  structure	  and	  regulation	  
	   Mounting	  evidence	  highlights	  the	  ERM	  proteins	  as	  architectural	  proteins	  and	  key	  organizers	  of	  specialized	  membrane	  domains.	  Through	  their	  ability	  to	  interact	  with	  transmembrane	  proteins,	  phospholipids,	  membrane	  associated	  cytoplasmic	  proteins	  and	  the	  actin	  cytoskeleton,	  the	  ERMs	  are	  poised	  to	  organize,	  regulate	  and	  stabilize	  membrane	  complexes.	  More	  recently,	  studies	  have	  revealed	  unexpectedly	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diverse	  functions	  for	  the	  ERMs	  including	  villar	  organization	  in	  the	  gut	  (Saotome	  et	  al.	  2004),	  control	  of	  cortical	  stiffening	  during	  mitosis	  (Carreno	  et	  al.	  2008;	  Kunda	  et	  al.	  2008),	  regulation	  of	  RhoA	  activity	  in	  epithelial	  cells	  (Speck	  et	  al.	  2003),	  signaling	  (Neisch	  and	  Fehon	  2011),	  and	  polarity	  (Jankovics	  et	  al.	  2002;	  Polesello	  et	  al.	  2002).	  	  Together,	  these	  data	  suggest	  that	  the	  ERMs	  orchestrate	  an	  array	  of	  complex	  biological	  processes	  by	  directly	  linking	  the	  membrane	  to	  the	  actin	  cytoskeleton.	  	  In	  doing	  so,	  the	  ERMs	  perform	  two	  central	  functions.	  	  First,	  they	  provide	  stability	  to	  the	  cortex	  and	  second	  they	  control	  the	  distribution	  and	  activity	  of	  membrane	  receptors	  in	  a	  highly	  dynamic	  fashion.	  Structurally,	  the	  ERMs	  are	  characterized	  by	  the	  presence	  of	  an	  approximately	  300	  amino	  acid	  plasma	  membrane-­‐associated	  FERM	  domain	  at	  the	  N-­‐terminus.	  	  Following	  is	  the	  α-­‐helical	  linking	  region	  that	  tethers	  the	  FERM	  domain	  to	  the	  C-­‐terminal	  ERM-­‐associated	  domain	  (C-­‐ERMAD).	  The	  C-­‐ERMAD,	  in	  turn,	  can	  associate	  with	  either	  the	  FERM	  domain	  or	  filamentous	  actin.	  	  Many	  studies	  conclude	  that	  ERM	  function	  is	  conformationally	  regulated	  by	  self-­‐association	  of	  the	  C-­‐ERMAD	  to	  the	  N-­‐terminal	  FERM	  domain	  (Bretscher	  et	  al.	  2002).	  Initially,	  studies	  discovered	  that	  the	  F-­‐actin	  binding	  site,	  which	  was	  found	  to	  be	  at	  the	  end	  of	  the	  C-­‐ERMAD,	  bound	  to	  the	  FERM	  domain	  in	  such	  a	  way	  that	  the	  F-­‐actin	  binding	  site	  was	  masked	  (Turunen	  et	  al.	  1994;	  Gary	  and	  Bretscher	  1995).	  This	  discovery	  laid	  the	  foundation	  for	  a	  simple	  model	  that	  explains	  ERM	  activation.	  It	  is	  now	  thought	  that	  the	  ERMs	  exist	  in	  an	  “inactive”	  closed	  conformation	  where	  the	  actin-­‐binding	  domain	  and	  membrane	  binding	  domains	  within	  the	  FERM	  domain	  are	  masked.	  Release	  of	  the	  C-­‐ERMAD	  from	  the	  FERM	  domain	  exposes	  these	  protein-­‐binding	  domains	  leading	  to	  an	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“active”	  open	  conformation	  that	  can	  physically	  link	  the	  membrane	  and	  underlying	  cortical	  actin	  cytoskeleton	  (Figure	  1.1)	  (Bretscher	  et	  al.	  2002).	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  
Figure	  1.1	  	  Regulation	  of	  ERM	  function.	  	  The	  ERM	  proteins	  contain	  an	  N-­‐terminal	  FERM	  domain	  (blue),	  an	  alpha	  helical	  domain	  (grey	  bar)	  and	  a	  C-­‐terminal	  tail	  actin	  binding	  domain	  (green).	  	  The	  hypophosphorylated	  ERMs	  are	  thought	  to	  be	  “inactive”	  where	  the	  C-­‐terminal	  tail	  associates	  with	  the	  FERM	  domain,	  masking	  protein-­‐binding	  domains.	  	  Upon	  phosphorylation,	  which	  can	  occur	  on	  the	  C-­‐terminal	  tail	  or	  on	  the	  FERM	  domain	  (yellow),	  the	  ERMs	  are	  thought	  to	  adopt	  an	  open/”active”	  conformation	  where	  The	  FERM	  domain	  links	  membrane	  proteins	  either	  directly	  or	  via	  adapters	  (NHERF)	  to	  the	  actin	  cytoskeleton	  (red	  mesh).	  	  Association	  of	  the	  ERMs	  with	  membrane	  proteins,	  lipids	  and	  the	  actin	  cytoskeleton	  is	  highly	  regulated,	  allowing	  cells	  to	  respond	  quickly	  to	  the	  demands	  of	  organizing	  higher	  order	  tissue	  structures.	  	  The	  first	  insights	  for	  understanding	  how	  the	  ERMs	  are	  dynamically	  regulated	  came	  with	  the	  discovery	  that	  Moesin	  is	  phosphorylated	  on	  T558	  of	  its	  C-­‐ERMAD	  during	  platelet	  activation	  (Nakamura	  et	  al.	  1995).	  	  Follow	  up	  studies	  have	  shown	  that	  the	  equivalent	  residue	  in	  Ezrin	  and	  
!"#$%&'( )$%&'(
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Radixin	  (T576	  and	  T564	  respectively)	  can	  also	  lead	  to	  activation.	  To	  date,	  a	  number	  of	  kinases	  in	  mammalian	  cells	  are	  capable	  of	  phosphorylating	  ERMs	  on	  their	  regulatory	  threonine	  residue	  including	  Rho	  kinase,	  NIK,	  LOK,	  PKCα,	  PKCΘ	  and	  MST4	  (Matsui	  et	  al.	  1998;	  Simons	  et	  al.	  1998;	  Ng	  et	  al.	  2001;	  Belkina	  et	  al.	  2009;	  ten	  Klooster	  et	  al.	  2009).	  Additionally,	  in	  vivo	  studies	  in	  D.	  melanogaster,	  demonstrate	  the	  Ste20-­‐like	  kinase	  Slik	  is	  important	  for	  phosphorylating	  this	  residue	  in	  its	  sole	  fly	  ERM	  ortholog,	  Moesin	  (Hipfner	  et	  al.	  2004;	  Hughes	  and	  Fehon	  2006;	  Carreno	  et	  al.	  2008)	  highlighting	  this	  residue	  as	  a	  key	  point	  of	  activation.	  Consistent	  with	  the	  complexity	  of	  biological	  functions	  that	  the	  ERMs	  control,	  additional	  mechanisms	  of	  ERM	  activation	  have	  been	  described,	  arguing	  against	  a	  simple	  active	  vs	  inactive	  conformation	  resulting	  from	  phosphorylation	  of	  a	  single	  residue.	  Indeed,	  phosphatidylinositol	  binding	  plays	  an	  important	  role	  in	  ERM	  activation/regulation.	  Binding	  of	  phosphatidylinositol	  4,5-­‐bisphosphate	  (PIP2)	  to	  the	  FERM	  domain	  of	  ERM	  proteins	  is	  thought	  to	  facilitate	  ERM	  activation	  and	  promote	  interaction	  between	  ERMs	  and	  membrane	  binding	  partners	  (Nakamura	  et	  al.	  1995;	  Niggli	  et	  al.	  1995).	  	  This	  suggests	  a	  two-­‐step	  model	  where	  recruitment	  of	  ERMs	  to	  PIP2	  may	  render	  the	  conserved	  threonine	  residue	  more	  accessible	  to	  phosphorylation	  (Fievet	  et	  al.	  2004).	  	  Additional	  mechanisms	  of	  ERM	  activation	  have	  also	  been	  described	  suggesting	  that	  ERM	  regulation	  is	  even	  more	  complex.	  	  For	  example,	  cyclin-­‐dependent	  kinase	  5	  (Cdk5)	  can	  directly	  phosphorylate	  residue	  T235	  of	  Ezrin,	  which	  is	  located	  in	  the	  FERM	  domain	  and	  sits	  directly	  opposed	  to	  T567	  (Pearson	  et	  al.	  2000;	  Yang	  and	  Hinds	  2003).	  	  The	  ERMs	  can	  also	  be	  substrates	  for	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tyrosine	  kinases	  and	  can	  be	  phosphorylated	  on	  residues	  Y145	  and	  Y353	  by	  the	  epidermal	  growth	  factor	  receptor	  EGFR	  (Krieg	  and	  Hunter	  1992).	  	  
The	  ERMs	  stabilize	  the	  cortex	  One	  critical	  function	  for	  the	  ERMs	  is	  to	  provide	  cortical	  stability	  and	  recent	  studies	  of	  ERM	  function	  in	  mitosis	  illustrate	  this	  point	  perfectly.	  Cells	  undergo	  cortical	  retraction	  and	  rounding	  as	  they	  undergo	  mitosis.	  	  Recent	  studies	  have	  shown	  that	  D.	  melanogaster	  Moesin	  enhances	  cortical	  stiffness	  to	  promote	  cell	  rounding	  during	  mitosis	  (Carreno	  et	  al.	  2008;	  Kunda	  et	  al.	  2008).	  	  Briefly,	  loss	  of	  Moesin	  function	  in	  S2	  cells	  results	  in	  multiple	  mitotic	  defects	  including	  cell	  shape	  abnormalities,	  mitotic	  spindle	  deformation,	  chromosome	  misalignment	  and	  delay	  of	  anaphase	  onset.	  	  These	  cells	  fail	  to	  undergo	  cortical	  retraction	  and	  exhibit	  severe	  membrane	  blebbing.	  	  This	  is	  consistent	  with	  the	  previous	  finding	  that	  the	  ERMs	  are	  critical	  for	  membrane	  bleb	  retraction	  (Charras	  et	  al.	  2006).	  Atomic	  force	  measurements	  indicate	  that	  cortical	  rigidity	  fails	  during	  mitosis	  in	  cells	  that	  are	  depleted	  for	  Moesin.	  	  This	  suggests	  that	  Moesin	  mediated	  cortical	  stabilization	  is	  critical	  for	  proper	  mitotic	  spindle	  morphology	  and	  alignment	  of	  chromosomes.	  	  Indeed,	  these	  phenotypes	  can	  be	  rescued	  by	  stabilizing	  the	  cortex	  externally	  via	  treatment	  with	  the	  tetravalent	  lectin	  concanavallin	  A	  (Kunda	  et	  al.	  2008),	  illustrating	  the	  importance	  of	  ERM	  mediated	  control	  of	  cortical	  stability.	  In	  certain	  settings	  the	  role	  of	  ERM	  proteins	  in	  physically	  shaping	  the	  cortex	  may	  be	  via	  their	  ability	  to	  regulate	  Rho1	  activity.	  In	  vivo	  studies	  in	  the	  fly	  demonstrate	  the	  sole	  ERM	  ortholog,	  Moesin	  is	  critical	  for	  maintaining	  the	  integrity	  of	  the	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developing	  wing	  disc	  epithelium.	  In	  fact,	  loss	  of	  Moesin	  leads	  to	  an	  increase	  in	  Rho1	  activity,	  while	  diminishing	  Rho1	  activity	  in	  Moesin	  mutant	  tissue	  rescues	  both	  epithelial	  integrity	  and	  lethality	  (Speck	  et	  al.	  2003),	  indicating	  that	  Moesin	  can	  facilitate	  epithelial	  morphology	  by	  antagonizing	  Rho	  rather	  than	  by	  providing	  a	  structural	  function.	  	  In	  addition,	  cell	  and	  molecular	  studies	  have	  shown	  that	  activation	  of	  RhoA	  induces	  phosphorylation	  of	  the	  ERM	  C-­‐ERMAD,	  and	  translocation	  to	  the	  membrane:cytoskeleton	  interface	  (Matsui	  et	  al.	  1998;	  Shaw	  et	  al.	  1998),	  indicating	  a	  reciprocal	  relationship	  between	  the	  ERMs	  and	  Rho.	  	  The	  ability	  to	  generate	  asymmetry	  at	  the	  cell	  cortex	  is	  a	  key	  feature	  of	  cell	  polarity.	  	  Indeed	  several	  studies	  argue	  that	  the	  ERMs	  play	  an	  important	  role	  in	  the	  establishment	  and	  maintenance	  of	  cell	  polarity,	  perhaps	  via	  their	  role	  in	  stabilizing	  the	  cortex	  (Micklem	  et	  al.	  2000;	  Jankovics	  et	  al.	  2002;	  Polesello	  et	  al.	  2002;	  Speck	  et	  al.	  2003;	  Pilot	  et	  al.	  2006).	  For	  example,	  in	  D.	  melanogaster,	  the	  synaptotagmin	  ortholog	  Bitesize	  is	  recruited	  to	  the	  apical	  membrane	  domain	  through	  interactions	  with	  the	  apical	  polarity	  complex	  (Pilot	  et	  al.	  2006).	  In	  the	  absence	  of	  Bitesize	  apico-­‐basal	  polarity	  is	  established	  and	  adherens	  junctions	  form	  normally	  but	  epithelial	  organization	  subsequently	  breaks	  down.	  	  Pilot	  et	  al	  found	  that	  Bitesize	  stabilizes	  adherens	  junctions	  by	  binding	  and	  recruiting	  Moesin,	  which,	  in	  turn,	  stabilizes	  cortical	  actin.	  	  Here,	  cortical	  actin	  is	  required	  for	  the	  formation	  of	  stable	  adherens	  junctions,	  which	  are	  necessary	  for	  epithelial	  integrity	  and	  polarity.	  	  Together,	  these	  studies	  demonstrate	  that	  the	  ERMs	  can	  control	  a	  diverse	  number	  of	  biological	  processes	  via	  their	  ability	  to	  physically	  stabilize	  the	  cortex.	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The	  ERMs	  control	  receptor	  distribution	  and	  regulation	  In	  addition	  to	  their	  role	  in	  physically	  stabilizing	  the	  membrane,	  the	  ERMs	  can	  control	  the	  distribution	  and	  activation	  of	  a	  number	  of	  membrane	  receptors.	  For	  example,	  studies	  of	  immune	  cells	  have	  demonstrated	  that	  the	  ERM	  proteins	  can	  establish	  cortical	  asymmetry	  in	  round,	  suspended	  T-­‐cells	  by	  directing	  membrane:cytoskeleton	  interactions	  and	  membrane	  receptor	  distribution	  (Burkhardt	  et	  al.	  2008).	  	  T-­‐cell	  activation	  requires	  the	  removal	  of	  the	  mucin	  CD43	  from	  the	  immunological	  synapse	  between	  a	  T-­‐cell	  and	  an	  antigen	  presenting	  cell,	  and	  this	  process	  requires	  Ezrin	  (Delon	  et	  al.	  2001;	  Roumier	  et	  al.	  2001;	  Shaw	  2001).	  	  T-­‐cells	  that	  express	  a	  dominant-­‐negative	  form	  of	  Ezrin	  fail	  to	  exclude	  CD43	  from	  the	  synapse	  and	  are	  not	  activated,	  demonstrating	  that	  ERM	  mediated	  changes	  in	  receptor	  distribution	  have	  important	  regulatory	  consequences	  While	  the	  ERMs	  have	  been	  shown	  to	  directly	  associate	  with	  and	  regulate	  the	  activity	  of	  a	  number	  of	  membrane	  adhesion	  receptors	  including	  CD44,	  ICAM-­‐2	  and	  CD43	  (Allenspach	  et	  al.	  2001;	  Roumier	  et	  al.	  2001;	  Legg	  et	  al.	  2002),	  the	  ERM	  FERM	  domain	  also	  interacts	  with	  the	  PDZ	  domain	  containing	  membrane	  adapters	  NHERF-­‐1and	  E3KARP	  (Reczek	  and	  Bretscher	  1998;	  Yun	  et	  al.	  1998).	  	  Indeed,	  NHERF-­‐1	  and	  E3KARP	  have	  been	  proposed	  to	  bind	  a	  number	  of	  membrane	  and	  cytoplasmic	  proteins,	  effectively	  increasing	  the	  complexity	  of	  membrane	  proteins	  and	  cytoplasmic	  complexes	  that	  the	  ERMs	  can	  regulate	  (Bretscher	  et	  al.	  2000).	  For	  example,	  loss	  of	  Ezrin,	  the	  sole	  ERM	  expressed	  in	  the	  mouse	  intestinal	  epithelium,	  leads	  to	  both	  loss	  of	  apical	  membrane	  integrity	  and	  failure	  to	  localize	  the	  ERM-­‐binding	  adapter	  NHERF-­‐1	  to	  the	  apical	  membrane	  (Saotome	  et	  al.	  2004).	  This	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suggests	  that	  brush	  border	  receptors	  that	  are	  localized	  or	  regulated	  by	  NHERF-­‐1	  are	  also	  likely	  affected.	  Consistent	  with	  this,	  intestinal	  function	  is	  compromised	  in	  these	  mice.	  	  Since	  NHERF-­‐1	  and	  E3KARP	  have	  been	  shown	  to	  directly	  activate	  ion	  transporters	  (Weinman	  et	  al.	  2000),	  regulate	  endocytosis	  of	  plasma	  membrane	  proteins	  (Short	  et	  al.	  1998;	  Cao	  et	  al.	  1999;	  Maudsley	  et	  al.	  2000),	  and	  restrict	  receptors	  to	  specific	  plasma	  membrane	  domains	  (Takeda	  et	  al.	  2001)	  the	  ERMs	  are	  capable	  of	  orchestrating	  a	  wide	  range	  of	  biological	  processes.	  	  
The	  ERMs	  simultaneously	  perform	  multiple	  functions	  in	  vivo	  	   Functional	  redundancy	  among	  the	  ERM	  proteins	  has	  made	  mammalian	  in	  
vivo	  genetic	  studies	  difficult	  to	  interpret.	  	  However,	  in	  the	  mouse	  intestinal	  epithelium	  Ezrin	  is	  the	  sole	  ERM	  protein	  expressed,	  providing	  a	  valuable	  setting	  for	  studying	  mammalian	  ERMs.	  	  Individual	  cell	  and	  molecular	  studies	  have	  demonstrated	  a	  broad	  array	  of	  functions	  for	  the	  ERMs	  including	  stabilization	  of	  the	  membrane:cytoskeleton	  interface,	  controlling	  receptor	  distribution/function,	  regulating	  the	  small	  GTPase	  Rho	  and	  establishing	  cell-­‐cell	  junctions.	  However,	  until	  recently	  it	  was	  unclear	  whether	  the	  ERMs	  could	  perform	  all	  of	  these	  functions	  in	  
vivo.	  	  Members	  of	  our	  lab	  have	  previously	  characterized	  the	  phenotype	  of	  Ezrin	  deficiency	  in	  the	  developing	  and	  adult	  mouse	  intestinal	  epithelium	  (Saotome	  et	  al.	  2004;	  Casaletto	  et	  al.	  2011).	  These	  studies	  reveal	  that	  Ezrin	  is	  required	  for	  the	  integrity	  of	  the	  apical	  terminal	  web	  and	  associated	  apical	  junction	  in	  polarized	  epithelial	  cells.	  	  In	  the	  absence	  of	  this	  function	  de	  novo	  lumen	  formation	  and	  villus	  morphogenesis	  are	  compromised	  yielding	  villi	  that	  are	  fused	  (Saotome	  et	  al.	  2004).	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Interestingly,	  loss	  of	  Ezrin	  in	  an	  already	  fully	  developed	  adult	  intestinal	  epithelium	  yields	  villus	  fusion	  revealing	  a	  previously	  unrecognized	  step	  in	  intestinal	  homeostasis	  (Casaletto	  et	  al.	  2011).	  	  These	  studies	  went	  on	  to	  show	  that	  Ezrin	  performs	  multiple	  molecular	  functions	  that	  collaborate	  to	  build	  the	  functional	  apical	  surface	  of	  the	  intestinal	  epithelium	  in	  vivo,	  supporting	  the	  hypothesis	  that	  ERMs	  can	  simultaneously	  coordinate	  the	  multiple	  cellular	  activities	  identified	  in	  separate	  cell	  and	  molecular	  studies.	  In	  addition,	  in	  vivo	  studies	  using	  C.	  elegans	  and	  D.	  melanogaster,	  which	  contain	  a	  single	  ERM	  ortholog	  (ERM-­‐1	  and	  dMoesin	  respectively)	  support	  that	  the	  ERMs	  perform	  multiple	  molecular	  functions	  in	  vivo.	  Loss	  of	  the	  sole	  ERM	  ortholog,	  Moesin,	  in	  D.	  melanogaster	  leads	  to	  defective	  apical	  morphogenesis,	  increased	  Rho1	  activation,	  and	  loss	  of	  epithelial	  integrity/morphology	  (Speck	  et	  al.	  2003).	  	  Here,	  F-­‐actin	  accumulates	  in	  ectopic	  sites	  within	  Moesin	  deficient	  cells	  of	  the	  wing	  imaginal	  epithelium	  and	  many	  of	  these	  cells	  lose	  polarity	  and	  extrude	  basally	  from	  the	  epithelial	  monolayer.	  Similarly,	  loss	  of	  the	  single	  ERM	  ortholog	  (ERM-­‐1)	  in	  C.	  elegans	  yields	  defects	  in	  apical	  integrity	  throughout	  the	  developing	  intestinal	  epithelium	  (Gobel	  et	  al.	  2004;	  Van	  Furden	  et	  al.	  2004),	  which	  is	  critical	  for	  lumen	  morphogenesis	  in	  vivo.	  Thus	  the	  ERM	  proteins	  play	  an	  essential	  role	  in	  building	  the	  apical	  surface	  of	  polarized	  cells	  by	  organizing	  cortical	  complexes	  and	  linking	  them	  to	  the	  actin	  cytoskeleton.	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The	  tumor	  suppressor	  Merlin	  
History	  of	  Neurofibromatosis	   	  Neurofibromatosis	  (NF)	  was	  originally	  described	  in	  1882	  by	  German	  pathologist	  Friedrich	  von	  Recklinghausen	  following	  the	  autopsy	  of	  a	  patient	  that	  developed	  multiple	  tumors	  at	  the	  base	  of	  the	  skull,	  including	  bilateral	  schwannomas	  on	  the	  vestibulocochlear	  8th	  cranial	  nerve	  (Wishart	  1822;	  von	  Recklinghausen	  1882).	  	  By	  the	  early	  1900’s	  physicians	  began	  to	  categorize	  sub-­‐types	  of	  neurofibromatosis	  including	  “central”	  and	  “peripheral”.	  	  The	  central	  sub-­‐type	  was	  much	  like	  the	  one	  von	  Recklinghausen	  described	  which	  include	  Schwann	  cell	  tumors	  around	  cranial	  nerves	  and	  spinal	  nerve	  roots.	  These	  patients	  rarely	  developed	  dermal	  neurofibromas	  that	  are	  prominent	  in	  the	  more	  common	  peripheral	  neurofibromatosis	  (Henneberg	  1903;	  Yohay	  2006).	  	  However,	  for	  many	  years	  these	  diseases	  were	  considered	  to	  be	  the	  same.	  	  It	  wasn’t	  until	  the	  1980’s	  that	  chromosomal	  linkage	  studies	  demonstrated	  that	  peripheral	  and	  central	  neurofibromatosis	  were	  two	  distinct	  diseases	  with	  different	  genetic	  causes.	  	  Today,	  they	  are	  known	  as	  neurofibromatosis	  type	  1	  (NF1)	  and	  type	  2	  (NF2)	  respectively.	  	  	  Briefly,	  NF1	  is	  more	  common	  (approximately	  1	  in	  4,000	  individuals	  will	  develop	  NF1)	  and	  displays	  a	  characteristic	  cutaneous	  phenotype	  including	  benign	  neurofibromas,	  which	  are	  mixed	  tumors	  composed	  of	  all	  cell	  types	  found	  in	  the	  peripheral	  nerves,	  hyperpigmented	  macules	  termed	  café-­‐au-­‐lait	  spots,	  axillary/inguinal	  freckling,	  and	  pigmented	  hamartomas	  of	  the	  iris,	  called	  Lisch	  nodules	  (Gerber	  et	  al.	  2009).	  	  Patients	  develop	  NF1	  upon	  inheriting	  an	  inactive	  copy	  of	  the	  NF1	  gene,	  which	  encodes	  the	  GTPase-­‐activating	  protein	  Neurofibromin	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(Evans	  et	  al.	  2000;	  Yohay	  2006).	  Neurofibromin	  is	  thought	  to	  function	  as	  a	  tumor	  suppressor	  by	  negatively	  regulating	  Ras	  signaling	  (Cichowski	  and	  Jacks	  2001).	  	  NF2	  on	  the	  other	  hand	  is	  much	  less	  common	  (approximately	  1	  in	  25,000-­‐40,000	  individuals	  will	  develop	  NF2).	  	  Mutations	  in	  the	  NF2	  tumor	  suppressor	  gene	  underlie	  neurofibromatosis	  type	  2,	  a	  familial	  tumor	  syndrome	  that	  features	  the	  development	  of	  tumors	  of	  the	  central	  nervous	  system,	  particularly	  schwannomas	  and	  meningiomas	  (Baser	  et	  al.	  2003).	  In	  1993,	  the	  NF2	  tumor	  suppressor	  gene	  was	  identified	  by	  positional	  cloning	  and	  loss	  of	  heterozygosity	  studies	  without	  knowledge	  of	  the	  molecular	  basis	  for	  the	  disease	  (Rouleau	  et	  al.	  1993;	  Trofatter	  et	  al.	  1993).	  	  Surprisingly,	  Merlin	  was	  found	  to	  be	  closely	  related	  to	  the	  membrane:cytoskeletal	  associated	  ERM	  proteins,	  immediately	  raising	  the	  question	  of	  how	  a	  protein	  at	  this	  localization	  could	  control	  proliferation.	  	  The	  NF2	  encoded	  protein,	  referred	  to	  as	  Merlin,	  (Trofatter	  et	  al.	  1993)(for	  Moesin/Ezrin/Radixin-­‐like	  protein)	  is	  also	  known	  as	  schwannomin	  (Rouleau	  et	  al.	  1993).	  While	  many	  studies	  have	  shown	  that	  Merlin	  does	  control	  proliferation,	  the	  mechanism	  by	  which	  it	  does	  this	  remains	  unclear.	  
	  
Molecular	  studies	  of	  Merlin	  function	  	   Initial	  functional	  studies	  of	  the	  NF2-­‐encoded	  tumor	  suppressor,	  Merlin	  were	  naturally	  modeled	  after	  other	  tumor	  suppressors	  and	  focused	  on	  its	  role	  in	  controlling	  proliferation.	  	  These	  studies	  confirmed,	  as	  for	  other	  tumor	  suppressors,	  that	  overexpression	  of	  Merlin	  can	  block	  cell	  proliferation	  and	  oncogene-­‐induced	  transformation	  (Tikoo	  et	  al.	  1994;	  Lutchman	  and	  Rouleau	  1995).	  	  Indeed,	  Merlin	  can	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negatively	  regulate	  cyclin	  D1	  levels,	  consistent	  with	  the	  cell	  cycle	  arrest	  phenotype	  observed	  upon	  Merlin	  overexpression	  (Xiao	  et	  al.	  2002).	  However,	  the	  discovery	  that	  Merlin	  is	  closely	  related	  to	  the	  ERMs	  and	  localizes	  to	  the	  membrane:cytoskeleton	  interface	  suggests	  that	  its	  primary	  function	  is	  not	  to	  directly	  control	  cell	  cycle	  machinery.	  	  Therefore,	  Merlin	  represents	  a	  new	  type	  of	  tumor	  suppressor	  that	  is	  positioned	  at	  the	  membrane	  where	  it	  may	  function	  to	  receive	  and	  interpret	  extracellular	  signals.	  	  Furthermore,	  our	  understanding	  of	  ERM	  function	  has	  provided	  valuable	  insight	  as	  to	  how	  Merlin	  controls	  proliferation	  from	  the	  membrane:cytoskeleton	  interface.	   	   	  	   As	  the	  ERM	  proteins	  are	  able	  to	  associate	  with	  and	  control	  the	  distribution/activation	  of	  certain	  membrane	  receptors	  many	  studies	  focused	  on	  Merlin-­‐mediated	  receptor	  control	  to	  elucidate	  its	  role	  in	  proliferation.	  	  Indeed,	  a	  number	  of	  individual	  studies	  indicate	  that	  Merlin	  can	  regulate	  EGFR	  (Maitra	  et	  al.	  2006;	  Curto	  et	  al.	  2007),	  Hippo	  signaling	  (Hamaratoglu	  et	  al.	  2006),	  transforming-­‐growth-­‐factor-­‐β	  (LaJeunesse	  et	  al.	  1998)	  and	  hepatocyte	  growth-­‐factor	  receptor	  substrate	  (HRS)	  (Gutmann	  et	  al.	  2001;	  Scoles	  et	  al.	  2002).	  Other	  studies	  argue	  that	  Merlin	  controls	  contact	  dependent	  inhibition	  of	  proliferation	  via	  its	  interaction	  with	  CD44	  (Morrison	  et	  al.	  2001).	  Finally,	  Shaw	  et	  al	  proposed	  that	  Merlin	  functions	  to	  negatively	  regulate	  Rac,	  a	  Rho	  family	  small	  GTPase,	  which	  has	  been	  implicated	  in	  malignant	  transformation	  (Morrison	  et	  al.	  2001;	  Shaw	  et	  al.	  2001).	  	  Taken	  together,	  it	  is	  clear	  that	  Merlin	  can	  control	  a	  number	  of	  signaling	  pathways	  that	  regulate	  cell	  proliferation.	  	  Despite	  this	  knowledge	  there	  have	  been	  few	  significant	  advances	  for	  the	  treatment	  of	  NF2	  patients	  and	  several	  key	  questions	  remain	  unresolved.	  	  One	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key	  question	  is	  whether	  Merlin	  performs	  multiple	  independent	  functions,	  one	  of	  which	  is	  critical	  for	  its	  tumor	  suppressor	  function	  or	  whether	  Merlin	  controls	  a	  combination	  of	  pathways	  that	  contribute	  to	  tumor	  progression.	  To	  this	  end	  it	  will	  be	  most	  critical	  to	  define	  Merlin’s	  primary	  and	  most	  fundamental	  function	  as	  a	  membrane	  organizer.	  
	  
Contact-­‐inhibition	  of	  proliferation	  
	   Many	  studies	  have	  shown	  that	  membrane	  association	  is	  critical	  for	  Merlin	  to	  suppress	  proliferation,	  which	  is	  consistent	  with	  the	  idea	  that	  Merlin	  controls	  proliferation	  in	  response	  to	  cell	  density.	  	  A	  hallmark	  feature	  of	  Nf2	  deficiency	  in	  cell	  culture	  is	  the	  failure	  to	  prevent	  proliferation	  upon	  cell:cell	  contact	  or	  loss	  of	  contact-­‐dependent	  inhibition	  of	  proliferation.	  Studies	  from	  our	  lab	  demonstrated	  that	  Merlin	  is	  recruited	  to	  cadherin-­‐containing	  complexes	  at	  the	  site	  of	  nascent	  cell:cell	  contacts	  to	  facilitate	  the	  formation	  of	  stable	  adherens	  junctions	  (Lallemand	  et	  al.	  2003).	  	  Moreover,	  Curto	  et	  al	  showed	  that	  upon	  cell-­‐cell	  contact	  Merlin	  coordinates	  the	  stabilization	  of	  adherens	  junctions	  with	  negative	  regulation	  of	  epidermal	  growth	  factor	  receptor	  (EGFR)	  signaling	  by	  restraining	  EGFR	  into	  a	  membrane	  compartment	  from	  which	  it	  can	  neither	  signal	  nor	  be	  internalized	  (Figure	  1.2)	  (Curto	  et	  al.	  2007).	  Merlin	  can	  also	  associate	  with	  the	  cell:ECM	  receptor	  CD44	  so	  Merlin	  may	  sense	  environmental	  cues,	  other	  than	  contacting	  cells,	  to	  control	  proliferation	  (Morrison	  et	  al.	  2001).	  Indeed,	  Morrison	  et	  al	  found	  that	  Merlin	  association	  with	  CD44	  is	  also	  necessary	  for	  contact-­‐dependent	  inhibition	  of	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proliferation,	  however,	  the	  mechanism	  by	  which	  Merlin	  halts	  proliferation	  in	  this	  context	  is	  unknown	  (Morrison	  et	  al.	  2001).	  	  	   	  	  	  	  	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	  1.2	  	  Merlin	  controls	  contact-­‐dependent	  receptor	  activation	  and	  adherens	  junction	  maturation.	  	  (Left)	  	  Upon	  cell:cell	  contact	  Merlin	  (red)	  associates	  with	  cadherin-­‐catenin	  containing	  complexes	  (green,	  purple,	  yellow)	  and	  sequesters	  EGFR	  (blue),	  via	  the	  PDZ	  domain	  containing	  adaptor	  protein	  NHERF,	  to	  a	  molecular	  compartment	  where	  it	  can	  neither	  signal	  nor	  be	  internalized.	  (Right)	  	  Merlin	  (red)	  promotes	  the	  establishment	  of	  adherens	  junctions	  by	  linking	  the	  polarity	  protein	  Par-­‐3	  (orange)	  directly	  to	  α-­‐catenin	  (yellow),	  thereby	  providing	  an	  essential	  link	  between	  the	  adherens	  junction	  (green,	  purple,	  yellow)	  and	  the	  Par-­‐3	  polarity	  complex	  during	  junctional	  maturation.	  	  	  
In	  vivo	  studies	  of	  Merlin	  
	   A	  number	  of	  in	  vivo	  studies,	  particularly	  in	  the	  mouse,	  have	  advanced	  our	  knowledge	  of	  Merlin	  function.	  	  In	  the	  mouse,	  Nf2	  null	  embryos	  fail	  early	  during	  embryonic	  development	  without	  initiating	  gastrulation	  (McClatchey	  et	  al.	  1997).	  The	  underlying	  defect	  in	  Nf2	  deficient	  embryos	  is	  not	  due	  to	  cell	  proliferation	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abnormalities,	  but	  rather	  the	  absence	  of	  extra-­‐embryonic	  structures	  that	  are	  required	  to	  generate	  a	  mesoderm-­‐inducing	  signal,	  supporting	  the	  hypothesis	  that	  Merlin’s	  primary	  function	  in	  this	  setting	  is	  not	  to	  control	  proliferation.	  	  Notably,	  Merlin	  is	  also	  required	  for	  normal	  development	  of	  D.	  melanogaster	  (Fehon	  et	  al.	  1997).	  	   Interestingly,	  heterozygous	  mutation	  of	  Nf2	  in	  the	  mouse	  yields	  various	  tumors	  including	  osteosarcomas	  and	  hepatocellular	  carcinoma	  that	  show	  loss	  of	  the	  wild-­‐type	  Nf2	  allele	  (McClatchey	  et	  al.	  1998).	  	  The	  unusually	  metastatic	  behavior	  of	  these	  tumors	  indicates	  that	  Nf2	  may	  have	  an	  unappreciated	  role	  in	  promoting	  metastasis.	  	  Though	  these	  mice	  do	  not	  develop	  the	  characteristic	  tumors	  that	  human	  NF2	  patients	  do,	  inactivation	  of	  both	  Nf2	  alleles	  specifically	  in	  either	  Schwann	  cells	  or	  arachnoid	  cells	  does	  yield	  manifestations	  of	  human	  NF2	  (Giovannini	  et	  al.	  2000).	  	  Therefore,	  loss	  of	  the	  wild-­‐type	  Nf2	  allele	  might	  be	  the	  rate-­‐limiting	  step	  for	  development	  of	  these	  tumors	  in	  mice	  (Giovannini	  et	  al.	  2000;	  Kalamarides	  et	  al.	  2002).	  Taken	  together	  these	  studies	  suggest	  that	  Merlin’s	  function	  as	  a	  tumor	  suppressor	  involves	  more	  than	  control	  of	  proliferation,	  so	  what	  else	  could	  Merlin	  be	  doing?	  	   Most	  recently,	  in	  vivo	  studies	  from	  our	  lab	  have	  highlighted	  a	  role	  for	  Merlin	  in	  establishing	  adherens	  junctions	  (Figure	  1.2),	  spindle	  orientation	  and	  tumorigenesis	  (Morris	  and	  McClatchey	  2009;	  Benhamouche	  et	  al.	  2010;	  Gladden	  et	  al.	  2010)	  demonstrating	  that,	  like	  the	  ERMs,	  Merlin	  can	  perform	  multiple	  functions	  
in	  vivo.	  	  In	  the	  mouse	  skin	  Nf2	  regulates	  epidermal	  development	  via	  the	  establishment	  of	  a	  junctional	  polarity	  complex.	  	  Notably,	  Nf2-­‐/-­‐	  basal	  cells	  within	  the	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epidermis	  fail	  to	  form	  mature	  adherens	  junctions	  and	  randomly	  orient	  their	  mitotic	  spindles.	  	  Furthermore,	  Gladden	  et	  al	  found	  that	  Merlin	  can	  associate	  directly	  with	  α-­‐catenin	  to	  link	  it	  to	  Par3,	  thereby	  linking	  the	  adherens	  junction	  and	  the	  Par3	  polarity	  complex	  during	  junctional	  maturation.	  	  These	  studies	  clearly	  demonstrate	  that	  Merlin	  has	  functions	  beyond	  the	  control	  of	  mitogenic	  receptor	  signaling,	  which	  may	  explain	  the	  lack	  of	  effective	  treatments	  for	  NF2	  patients	  (Plotkin	  et	  al.	  2010).	  	  It	  appears	  that	  the	  inability	  to	  properly	  control	  receptor	  distribution/activity	  upon	  Merlin	  deficiency	  is	  the	  result	  of	  a	  greater	  and	  more	  fundamental	  inability	  to	  organize	  the	  cortex.	  
	  
Functional	  relationship	  The	  NF2	  tumor	  suppressor,	  Merlin,	  and	  closely	  related	  ERM	  proteins	  are	  both	  membrane:cytoskeleton	  associated	  proteins	  that	  can	  organize	  the	  cell	  cortex	  by	  assembling	  and	  regulating	  protein	  complexes	  at	  the	  plasma	  membrane	  (McClatchey	  and	  Fehon	  2009).	  	  Biologically,	  Merlin	  and	  the	  ERMs	  have	  well-­‐established	  functions	  in	  cell	  proliferation	  and	  epithelial	  architecture,	  respectively.	  	  Despite	  many	  similarities	  and	  some	  interesting	  differences,	  most	  studies	  have	  focused	  on	  either	  Merlin	  or	  the	  ERMs	  without	  comparing	  them.	  Nevertheless,	  Merlin	  and	  the	  ERMs	  are	  co-­‐expressed	  in	  most	  cell	  types,	  are	  regulated	  similarly,	  share	  binding	  partners	  (Gronholm	  et	  al.	  1999;	  Meng	  et	  al.	  2000;	  Nguyen	  et	  al.	  2001),	  can	  physically	  interact	  with	  one	  another	  and	  display	  coordinate	  regulation	  (Hughes	  and	  Fehon	  2006),	  indicating	  that	  they	  share	  a	  functional	  relationship	  (McClatchey	  2003).	  Within	  cells	  Merlin	  and	  the	  ERMs	  have	  generally	  distinct	  but	  overlapping	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subcellular	  distributions	  indicating	  that	  under	  certain	  conditions	  they	  may	  co-­‐localize	  (McCartney	  and	  Fehon	  1996;	  Bretscher	  et	  al.	  2002).	  Defining	  the	  relationship	  between	  Merlin	  and	  the	  ERMs	  will	  be	  critical	  for	  understanding	  their	  respective	  roles	  in	  coordinating	  activities	  at	  the	  membrane	  and	  how	  ultimately	  their	  deregulation	  relates	  to	  tumorigenesis.	  The	  high	  degree	  of	  structural	  similarity	  between	  Merlin	  and	  the	  ERMs	  suggests	  that	  they	  might	  share	  regulatory	  mechanisms	  and	  possibly	  cellular	  functions.	  	  However,	  some	  distinguishing	  features	  may	  explain	  their	  unique	  functions	  (Figure	  1.3).	  	  Notably,	  while	  the	  ERMs	  contain	  a	  bona	  fide	  actin-­‐binding	  domain	  on	  their	  C-­‐ERMAD,	  Merlin	  does	  not.	  	  Alternatively,	  Merlin	  may	  associate	  with	  actin	  via	  a	  unique	  17	  amino	  acid	  stretch	  at	  its	  N-­‐terminus,	  which	  is	  critical	  for	  its	  stable	  localization	  to	  the	  cortical	  cytoskeleton	  and	  for	  its	  ability	  to	  interact	  with	  α-­‐catenin	  (Cole	  et	  al.	  2008).	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	  1.3	  (Continued	  on	  next	  page)	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Figure	  1.3	  (Continued).	  The	  ERM	  proteins	  (blue)	  and	  Merlin	  (red)	  are	  structurally	  similar	  but	  maintain	  some	  distinguishing	  features.	  The	  ERMs	  and	  Merlin	  can	  interact	  with	  transmembrane	  proteins	  (grey	  cylinders)	  either	  directly	  or	  via	  PDZ	  domain-­‐containing	  adapters	  (NHERF).	  	  While	  the	  ERMs	  can	  directly	  associate	  with	  actin	  (red	  mesh)	  via	  a	  C-­‐terminal	  actin	  binding	  domain	  (ABD)	  Merlin	  may	  associate	  with	  actin	  via	  a	  unique	  17	  amino	  acid	  stretch	  (red	  line)	  at	  its	  N-­‐terminus,	  which	  is	  critical	  for	  its	  stable	  localization	  to	  the	  cortical	  cytoskeleton	  and	  for	  its	  ability	  to	  interact	  with	  α-­‐catenin	  (green).	  
	  
	  
Modeling	  tissue	  morphogenesis	  in	  vitro	  
	   In	  vivo	  studies	  in	  D.	  melanogaster	  and	  C.	  elegans	  have	  been	  instrumental	  for	  understanding	  epithelial	  tissue	  morphogenesis	  and	  how	  individual	  proteins,	  including	  the	  ERMs,	  function	  to	  regulate	  it	  (Speck	  et	  al.	  2003;	  Gobel	  et	  al.	  2004;	  Van	  Furden	  et	  al.	  2004).	  	  To	  obtain	  a	  more	  refined	  mechanistic	  understanding	  of	  epithelial	  morphogenesis	  and	  the	  molecules	  that	  regulate	  it	  cell	  culture	  models	  are	  often	  used.	  These	  models	  are	  well	  suited	  for	  studying	  signaling	  pathways	  and	  cellular	  processes	  involved	  in	  how	  cells	  arrange	  themselves.	  	  However,	  the	  vast	  majority	  of	  these	  studies	  use	  cells	  cultured	  in	  monolayers	  (2D)	  on	  tissue	  culture	  plastic	  or	  filters,	  which	  do	  not	  resolve	  well	  with	  the	  highly	  structured	  tissue	  architecture	  that	  exists	  in	  vivo.	  	  Though	  many	  important	  advances	  have	  been	  made	  using	  2D	  cell	  culture	  models	  there	  can	  be	  considerable	  differences	  in	  their	  morphology,	  differentiation,	  and	  cell:cell/cell:ECM	  contacts,	  compared	  to	  those	  grown	  in	  more	  physiological	  relevant	  3D	  environments	  (Cukierman	  et	  al.	  2001;	  Birgersdotter	  et	  al.	  2005;	  Griffith	  and	  Swartz	  2006;	  Nelson	  and	  Bissell	  2006).	  Alternatively,	  in	  vivo	  phenotypes	  are	  often	  complicated	  by	  secondary	  effects,	  such	  as	  the	  immune	  response,	  which	  inaccurately	  reflect	  specific	  protein	  function.	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Therefore,	  it	  is	  not	  surprising	  that	  our	  molecular	  studies	  of	  proteins	  in	  2D	  are	  difficult	  to	  resolve	  with	  the	  complexity	  of	  phenotypes	  we	  see	  in	  vivo.	  	  	  A	  number	  of	  studies	  have	  recently	  emerged	  using	  3D	  cell	  culture	  to	  study	  tissue	  morphogenesis.	  	  Typically	  these	  studies	  are	  performed	  using	  mammary	  epithelial	  cells	  (MCF-­‐10A),	  Madin-­‐Darbey	  canine	  kidney	  cells	  (MDCK),	  or	  human	  epithelial	  colorectal	  adenocarcinoma	  cells	  (CaCo2).	  	  Indeed,	  there	  are	  differences	  as	  to	  how	  each	  cell	  type	  develops	  from	  a	  single	  cell	  into	  a	  fully	  polarized	  epithelial	  cyst	  structure	  with	  a	  single	  lumen	  opposing	  the	  apical	  surface.	  	  MCF-­‐10A	  cells	  proliferate	  to	  form	  cell	  masses	  that	  remove	  centrally	  localized	  cells	  via	  multiple	  cell	  death	  processes	  to	  generate	  cysts	  (Debnath	  et	  al.	  2003).	  	  Alternatively,	  in	  Matrigel,	  CaCo2	  cells,	  like	  MDCK	  cells,	  begin	  forming	  a	  lumen	  as	  early	  as	  the	  2-­‐cell	  stage	  and	  maintain	  the	  single	  lumen	  via	  a	  series	  of	  oriented	  cell	  divisions	  and	  apical	  abscission	  (Jaffe	  et	  al.	  2008)	  (Figure	  1.4).	  	   	  	  	  	  
	  
	  
	  
	  
	  
	  
Figure	  1.4	  	  Schematic	  representation	  of	  cyst	  formation	  in	  3D	  cell	  culture	  using	  CaCo2	  cells.	  	  When	  embedded	  into	  ECM,	  single	  CaCo2	  cells	  divide	  and	  build	  an	  apical	  surface	  (red)	  upon	  the	  first	  cell	  division	  at	  the	  site	  where	  cytokinesis	  takes	  place.	  	  Upon	  establishment	  of	  the	  first	  apical	  surface	  cells	  undergo	  a	  series	  of	  oriented	  cell	  divisions	  to	  maintain	  a	  single,	  central	  fluid-­‐filled	  lumen	  that	  apposes	  the	  apical	  surface	  (red)	  of	  the	  epithelial	  cell	  monolayer.	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Overview	  and	  objectives	  	  	  	  Many	  Merlin	  interacting	  proteins	  have	  been	  identified	  and,	  not	  surprisingly,	  Merlin	  has	  been	  implicated	  in	  controlling	  many	  intracellular	  signaling	  pathways	  that	  control	  cell	  fate,	  shape,	  proliferation,	  survival	  and	  motility	  (Stamenkovic	  and	  Yu).	  Similarly,	  the	  ERMs,	  which	  have	  been	  thought	  of	  as	  mainly	  architectural	  proteins,	  appear	  to	  play	  complex	  roles	  in	  regulating	  signaling	  cascades	  and	  generating	  polarity	  (Jankovics	  et	  al.	  2001;	  Polesello	  et	  al.	  2002;	  Neisch	  and	  Fehon	  2011).	  It	  is	  becoming	  increasingly	  clear	  that	  Merlin/ERM	  function	  and	  their	  functional	  relationship	  at	  the	  membrane:cytoskeleton	  interface	  is	  quite	  complex	  and	  for	  many	  reasons	  has	  been	  difficult	  to	  study.	  	  A	  major	  obstacle	  to	  understanding	  how	  Merlin	  and	  ERM	  function	  relates	  to	  tumor	  development	  and	  cancer	  is	  that	  we	  do	  not	  understand	  their	  fundamental	  function	  as	  membrane	  organizers.	  	  Indeed,	  few	  major	  medical	  advances	  have	  been	  made	  since	  NF2	  was	  discovered	  almost	  20	  years	  ago	  despite	  the	  identification	  of	  several	  mitogenic	  signaling	  pathways	  that	  Merlin	  is	  thought	  to	  control.	  Here,	  I	  sought	  to	  evaluate	  Merlin	  and	  ERM	  mediated	  membrane	  organization	  as	  a	  single	  cell	  develops	  into	  an	  organized	  tissue	  structure	  using	  a	  3D	  cell	  culture	  system.	  	  This	  work	  has	  provided	  new	  insight	  into	  the	  basic	  function	  of	  Merlin	  and	  the	  ERM	  proteins.	  	  We	  show	  that	  a	  key	  function	  of	  Merlin	  is	  to	  restrict	  cortical	  Ezrin	  positioning	  and	  identify	  a	  mechanism	  by	  which	  cells	  intrinsically	  generate	  cortical	  asymmetry	  in	  a	  cell-­‐cycle	  correlated	  manner	  in	  the	  absence	  of	  external	  cues.	  	  Furthermore,	  these	  studies	  identify	  a	  novel	  cue	  for	  centrosome	  positioning	  and	  mitotic	  spindle	  orientation.	  To	  complement	  these	  studies,	  I	  developed	  an	  in	  vivo	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model	  using	  the	  mouse	  intestinal	  epithelium	  and	  demonstrated	  a	  clear	  functional	  interaction	  between	  Nf2	  and	  Ezrin.	  Finally,	  we	  explored	  the	  possibility	  that	  Merlin	  and	  the	  ERMs	  are	  coordinately	  regulated	  by	  the	  single	  Ste20-­‐like	  kinase	  SLK.	  This	  work	  has	  already	  informed	  our	  studies	  of	  Merlin	  and	  ERM	  function	  in	  many	  of	  the	  different	  tissue	  types	  we	  study	  and	  provides	  an	  important	  basis	  for	  understanding	  their	  most	  fundamental	  function	  as	  membrane	  organizers.	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Abstract	  
	   The	  ability	  to	  generate	  asymmetry	  at	  the	  cell	  cortex	  underlies	  cell	  polarization	  and	  asymmetric	  cell	  division.	  Here	  we	  demonstrate	  a	  novel	  role	  for	  the	  tumor	  suppressor	  Merlin	  and	  closely	  related	  ERM	  proteins	  in	  generating	  cortical	  asymmetry	  in	  the	  absence	  of	  external	  cues.	  Our	  data	  reveal	  that	  Merlin	  functions	  to	  restrict	  the	  cortical	  distribution	  of	  the	  actin	  regulator	  Ezrin,	  which	  in	  turn	  positions	  the	  interphase	  centrosome	  in	  single	  epithelial	  cells	  and	  3D	  organotypic	  cultures.	  In	  the	  absence	  of	  Merlin	  ectopic	  cortical	  Ezrin	  yields	  mispositioned	  centrosomes,	  misoriented	  spindles	  and	  aberrant	  epithelial	  architecture.	  Furthermore,	  in	  tumor	  cells	  with	  centrosome	  amplification,	  the	  failure	  to	  restrict	  cortical	  Ezrin	  abolishes	  centrosome	  clustering,	  yielding	  multipolar	  mitoses.	  These	  data	  uncover	  fundamental	  roles	  for	  Merlin/ERM	  proteins	  in	  spatiotemporally	  organizing	  the	  cell	  cortex	  and	  suggest	  that	  Merlin’s	  role	  in	  promoting	  cortical	  heterogeneity	  may	  contribute	  to	  tumorigenesis	  by	  disrupting	  cell	  polarity,	  spindle	  orientation	  and	  potentially	  genome	  stability.	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Introduction	  The	  ability	  to	  spatially	  restrict	  specific	  activities	  across	  the	  cell	  cortex	  functionally	  defines	  individual	  cells	  and	  tissues.	  Cortical	  asymmetry	  is	  achieved	  via	  the	  polarized	  distribution	  of	  membrane	  protein	  complexes	  and	  mechanical	  properties	  across	  the	  cortex.	  In	  single	  cells	  and	  single-­‐celled	  organisms	  cortical	  asymmetry	  can	  be	  triggered	  by	  external	  cues	  such	  as	  sperm	  entry	  or	  by	  the	  cortical	  scar	  that	  marks	  the	  site	  of	  an	  earlier	  division	  (Macara	  and	  Mili	  2008;	  St	  Johnston	  and	  Ahringer	  2010).	  In	  multicellular	  tissues	  cortical	  asymmetry	  is	  guided	  by	  cell-­‐cell	  and/or	  cell-­‐ECM	  interaction	  (St	  Johnston	  and	  Ahringer	  2010).	  Much	  less	  is	  known	  about	  how	  or	  even	  whether	  cells	  can	  intrinsically	  establish	  cortical	  asymmetry	  in	  the	  absence	  of	  external	  cues.	  A	  central	  consequence	  of	  cortical	  asymmetry	  in	  single-­‐	  and	  multi-­‐cellular	  organisms	  is	  the	  orientation	  and	  morphology	  of	  the	  mitotic	  spindle,	  which	  dictates	  whether	  divisions	  will	  be	  symmetric	  or	  asymmetric	  and	  yield	  faithful	  chromosome	  segregation	  (Siller	  and	  Doe	  2009;	  Pereira	  and	  Yamashita	  2011).	  In	  multicellular	  organisms	  aberrant	  spindle	  orientation	  can	  cause	  defective	  tissue	  architecture	  and	  stem	  cell	  gain/loss	  while	  aberrant	  spindle	  morphology	  can	  yield	  chromosome	  missegregation	  and	  aneuploidy	  -­‐	  phenotypes	  that	  are	  all	  known	  to	  contribute	  to	  tumorigenesis	  (Bettencourt-­‐Dias	  et	  al.	  2011;	  Morin	  and	  Bellaiche	  2011).	  Both	  the	  physical	  properties	  of	  the	  cell	  cortex	  and	  communication	  between	  the	  cortex	  and	  centrosomes	  at	  the	  spindle	  poles	  are	  known	  to	  be	  critical	  for	  spindle	  orientation	  and	  function	  (Sandquist	  et	  al.	  2011).	  The	  molecular	  mechanisms	  by	  which	  cortical	  cues	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direct	  spindle	  orientation	  and	  function	  must	  involve	  the	  dynamic	  spatiotemporal	  organization	  of	  the	  cell	  cortex.	  The	  cell	  cortex	  is	  defined	  by	  dynamic	  interactions	  between	  plasma	  membrane	  proteins	  and/or	  lipids	  and	  the	  underlying	  cortical	  cytoskeleton	  (Fehon	  et	  al.	  2010;	  Rauzi	  and	  Lenne	  2011).	  The	  ERM	  proteins	  (Ezrin,	  Radixin	  and	  Moesin)	  and	  closely	  related	  neurofibromatosis	  type	  2	  (NF2)	  tumor	  suppressor,	  Merlin,	  have	  emerged	  as	  key	  scaffolds	  that	  can	  assemble	  protein	  complexes	  at	  the	  membrane:cytoskeleton	  interface	  and	  play	  important	  roles	  in	  cortical	  organization	  (McClatchey	  and	  Fehon	  2009).	  For	  example,	  by	  linking	  plasma	  membrane	  proteins	  and/or	  lipids	  directly	  to	  cortical	  actin,	  activated	  ERM	  proteins	  can	  physically	  stabilize	  the	  cell	  cortex	  during	  mitotic	  rounding,	  membrane	  bleb	  retraction	  and	  the	  establishment	  of	  the	  apical	  and	  apical	  junctional	  region	  of	  epithelial	  cells	  (Gobel	  et	  al.	  2004;	  Saotome	  et	  al.	  2004;	  Van	  Furden	  et	  al.	  2004;	  Charras	  et	  al.	  2006;	  Pilot	  et	  al.	  2006;	  Kunda	  et	  al.	  2008;	  Luxenburg	  et	  al.	  2011).	  ERM	  proteins	  can	  also	  control	  the	  distribution	  and	  activity	  of	  the	  numerous	  membrane	  receptors	  with	  which	  they	  interact	  (McClatchey	  and	  Fehon	  2009).	  Similarly,	  functional	  studies	  indicate	  that	  cortical	  Merlin	  can	  both	  control	  the	  distribution	  of	  certain	  membrane	  receptors	  and	  regulate	  cortical	  features	  such	  as	  cell	  junctions,	  polarity	  and	  spindle	  orientation	  (Lallemand	  et	  al.	  2003;	  Maitra	  et	  al.	  2006;	  Curto	  et	  al.	  2007;	  Cole	  et	  al.	  2008;	  Lallemand	  et	  al.	  2009;	  Gladden	  et	  al.	  ;	  Yi	  et	  al.	  2011).	  Merlin	  and	  the	  ERM	  proteins	  share	  strong	  evolutionary	  conservation	  and	  are	  thought	  to	  be	  derived	  from	  a	  common	  ancestor.	  They	  are	  co-­‐expressed	  in	  most	  cell	  types,	  share	  binding	  partners,	  hetero-­‐oligomerize	  and	  display	  coordinated	  regulation,	  yet	  they	  often	  exhibit	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distinct	  cortical	  localizations	  (McClatchey	  and	  Fehon	  2009).	  Moreover,	  in	  contrast	  to	  the	  ERM	  proteins,	  Merlin	  is	  an	  established	  tumor	  suppressor	  in	  flies,	  mice	  and	  humans	  (Rouleau	  et	  al.	  1993;	  Trofatter	  et	  al.	  1993;	  LaJeunesse	  et	  al.	  1998;	  McClatchey	  et	  al.	  1998).	  Indeed,	  the	  nature	  of	  the	  functional	  relationship	  between	  Merlin	  and	  the	  ERM	  proteins	  is	  not	  clear	  and	  we	  lack	  a	  fundamental	  understanding	  of	  how	  Merlin/ERM	  proteins	  organize	  the	  cell	  cortex.	  	  	  Here	  we	  show	  that	  cortical	  Ezrin	  undergoes	  a	  progressive	  cell	  cycle-­‐correlated	  redistribution	  in	  single	  epithelial	  cells	  in	  the	  absence	  of	  external	  cues.	  Moreover,	  Merlin	  functions	  to	  restrict	  the	  cortical	  distribution	  of	  Ezrin,	  which,	  in	  turn,	  intrinsically	  and	  actively	  positions	  the	  interphase	  centrosome	  and	  ensuing	  mitotic	  spindle	  in	  both	  single	  cells	  and	  derivative	  3D	  organotypic	  cultures.	  Notably,	  Merlin-­‐mediated	  restriction	  of	  Ezrin	  is	  dependent	  upon	  the	  Merlin-­‐interacting	  protein	  α-­‐catenin,	  even	  in	  single	  cells,	  revealing	  a	  novel	  junction	  independent	  function	  for	  α-­‐catenin	  in	  establishing	  cortical	  asymmetry.	  In	  the	  absence	  of	  Merlin,	  ectopic	  Ezrin	  yields	  mispositioned	  centrosomes,	  aberrant	  mitotic	  spindle	  orientation	  and	  defective	  epithelial	  architecture.	  The	  importance	  of	  Merlin-­‐mediated	  restriction	  of	  cortical	  Ezrin	  is	  exemplified	  by	  the	  fact	  that	  in	  tumor	  cells	  that	  contain	  supernumerary	  centrosomes	  loss	  of	  Merlin	  yields	  centrosome	  unclustering	  and	  multipolar	  spindles,	  suggesting	  that	  Ezrin	  is	  a	  key	  component	  of	  the	  poorly	  understood	  phenomenon	  of	  centrosome	  clustering.	  Thus	  Ezrin	  and	  Merlin	  are	  central	  components	  of	  a	  program	  whereby	  the	  intrinsic	  spatiotemporal	  organization	  of	  the	  cell	  cortex	  governs	  polarity,	  centrosome	  position,	  and	  mitotic	  spindle	  orientation	  and	  function.	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Cell	  cycle-­‐dependent	  distribution	  of	  cortical	  Ezrin	  in	  single	  cells	  To	  follow	  the	  localization	  of	  Ezrin	  and	  Merlin	  as	  individual	  cells	  establish	  apical-­‐basal	  polarity	  during	  epithelial	  morphogenesis	  we	  employed	  the	  well-­‐established	  model	  of	  Caco2	  intestinal	  epithelial	  cyst	  formation	  in	  Matrigel	  (Jaffe	  et	  al.	  2008).	  Consistent	  with	  previous	  reports,	  we	  found	  that	  Ezrin	  concentrated	  at	  the	  cleavage	  furrow	  and	  nascent	  apical	  lumen	  at	  the	  2-­‐cell-­‐stage	  and	  remained	  apically	  concentrated	  as	  the	  2-­‐cell	  structures	  developed	  into	  fully	  polarized	  cysts	  with	  a	  single	  central	  lumen	  (Figure	  2.1A;	  Jaffe	  et	  al.	  2008).	  Surprisingly,	  however,	  we	  found	  that	  Ezrin	  also	  concentrated	  into	  a	  distinct	  cap-­‐like	  structure	  at	  the	  membrane	  of	  single	  spherical	  cells	  prior	  to	  the	  first	  cell	  division	  (Figure	  2.1B).	  At	  early	  times	  after	  plating,	  Ezrin	  localized	  uniformly	  around	  the	  cortex	  of	  single	  cells	  indicating	  that	  the	  Ezrin	  ‘cap’	  is	  not	  a	  remnant	  of	  the	  apical	  surface	  established	  in	  2D	  and	  instead	  forms	  
de	  novo	  via	  the	  progressive	  restriction	  of	  Ezrin	  to	  a	  small	  cortical	  domain	  (Figure	  2.1B).	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Figure	  2.1	  (Continued	  on	  next	  page)	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Figure	  2.1	  (Continued).	  Restricted	  cortical	  distribution	  of	  Ezrin	  in	  single	  Caco2	  cells.	  	  (A)	  Ezrin	  localizes	  to	  the	  cleavage	  furrow	  and	  nascent	  apical	  lumen	  in	  developing	  Caco2	  cysts.	  Single	  Caco2	  cells	  were	  embedded	  in	  Matrigel	  for	  16	  hr	  (2-­‐cell	  stage)	  or	  6	  days	  (cysts),	  and	  stained	  for	  Ezrin	  (green),	  actin	  (red)	  and	  DNA	  (blue).	  Unless	  otherwise	  indicated,	  all	  images	  shown	  are	  single	  confocal	  sections	  through	  the	  middle	  of	  each	  structure.	  Corresponding	  differential	  interference	  contrast	  (DIC)	  images	  are	  also	  shown.	  (B)	  Cortical	  Ezrin	  is	  progressively	  restricted	  into	  a	  cap-­‐like	  structure	  (arrowheads)	  that	  colocalizes	  with	  markedly	  enriched	  cortical	  actin	  in	  single	  Caco2	  cells.	  Cells	  were	  stained	  as	  in	  A	  and	  imaged	  using	  a	  widefield	  fluorescence	  microscope.	  (C)	  The	  Ezrin	  cap	  does	  not	  contain	  apical	  polarity	  proteins.	  Embedded	  Caco2	  cells	  were	  stained	  for	  Ezrin	  (green),	  DNA	  (blue)	  and	  aPKC	  or	  Par-­‐3	  (red).	  (D)	  The	  Ezrin	  cap	  forms	  prior	  to	  S-­‐phase.	  Embedded	  Caco2	  cells	  were	  incubated	  with	  EdU	  for	  14	  hr	  and	  stained	  for	  Ezrin	  (red),	  EdU	  (green),	  pH3	  (purple)	  and	  DNA	  (blue).	  Of	  the	  ~53%	  of	  cells	  that	  had	  a	  mature	  Ezrin	  cap	  in	  this	  experiment,	  85.1%	  stained	  positively	  for	  EdU	  and/or	  pH3	  and	  14.9%	  stained	  negatively	  for	  EdU/pH3.	  In	  contrast,	  cells	  with	  an	  immature	  Ezrin	  cap	  rarely	  stained	  positively	  for	  EdU/pH3.	  Bars,	  10µm.	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Ezrin	  can	  directly	  interact	  with	  actin	  and	  stabilize	  the	  cortical	  actin	  cytoskeleton.	  Consistent	  with	  this,	  we	  found	  that	  cortical	  actin	  is	  markedly	  concentrated	  directly	  beneath	  the	  mature	  Ezrin	  cap	  (Figure	  2.1B).	  In	  contrast,	  α-­‐tubulin	  exhibited	  a	  uniform	  distribution	  in	  Ezrin	  cap-­‐containing	  cells	  (Figure	  2.2A).	  Importantly,	  apical	  markers	  such	  as	  aPKC	  and	  Par3	  were	  not	  concentrated	  at	  the	  Ezrin	  cap	  (Figure	  2.1C),	  indicating	  that	  it	  does	  not	  represent	  a	  bona	  fide	  apical	  surface.	  Similarly,	  E-­‐cadherin	  was	  uniformly	  localized	  around	  the	  cortex	  in	  capping	  cells	  in	  the	  absence	  of	  adherens	  junctions	  (Figure	  2.2B).	  Thus	  Ezrin	  forms	  	  a	  distinct	  cortical	  domain	  in	  single	  epithelial	  cells	  prior	  to	  the	  establishment	  of	  apico-­‐basal	  polarity	  and	  in	  the	  absence	  of	  external	  cues.	  	  To	  determine	  whether	  the	  dynamic	  restriction	  of	  Ezrin	  into	  a	  cap	  is	  linked	  to	  the	  cell	  cycle,	  we	  labeled	  single	  Caco2	  cells	  with	  EdU-­‐	  and	  phospho-­‐histone	  H3	  (pH3)	  that	  mark	  cells	  that	  have	  entered	  S-­‐phase	  or	  mitosis,	  respectively.	  At	  a	  time	  when	  about	  half	  	  (~53%)	  of	  the	  cells	  have	  a	  mature	  cap,	  the	  majority	  (85%)	  of	  those	  cells	  were	  EdU-­‐	  or	  EdU/pH3-­‐positive	  and	  a	  small	  percentage	  (15%)	  were	  EdU/pH3-­‐negative;	  in	  contrast,	  nearly	  all	  cells	  that	  exhibited	  a	  partial	  restriction	  of	  cortical	  Ezrin	  were	  EdU/pH3-­‐negative	  (Figure	  2.1D;	  Figure	  2.2C).	  These	  data	  indicate	  that	  the	  restriction	  of	  cortical	  Ezrin	  occurs	  during	  G1	  and	  is	  largely	  completed	  by	  S-­‐phase.	  Thus	  the	  formation	  of	  a	  cortical	  Ezrin	  cap	  is	  a	  very	  early	  indication	  of	  a	  cell’s	  pending	  entry	  into	  S-­‐phase.	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Figure	  2.2	  Restricted	  cortical	  distribution	  of	  Ezrin	  in	  single	  Caco2	  cells.	  	  (A)	  Microtubules	  are	  not	  concentrated	  at	  or	  beneath	  the	  Ezrin	  cap.	  Embedded	  Caco2	  cells,	  cultured	  as	  in	  Figure	  1C,	  were	  stained	  for	  Ezrin	  (green),	  DNA	  (blue),	  and	  α-­‐tubulin	  (red).	  	  (B)	  E-­‐cadherin	  localizes	  ubiquitously	  around	  the	  cell	  membrane	  in	  single	  cells	  containing	  an	  Ezrin	  ‘cap’.	  	  Embedded	  Caco2	  cells,	  cultured	  as	  in	  Figure	  1C,	  were	  stained	  for	  Actin	  (green)	  to	  mark	  the	  Ezrin	  cap,	  E-­‐cadherin	  (red),	  and	  DNA	  (blue).	  (C)	  The	  cortical	  Ezrin	  cap	  forms	  prior	  to	  S-­‐phase.	  Cells	  depicted	  in	  Figure	  1C	  were	  categorized	  as	  having	  either	  late-­‐stage	  or	  early/mid	  stage	  Ezrin	  caps	  then	  scored	  for	  the	  presence	  or	  absence	  of	  EdU	  incorporation	  indicative	  of	  S-­‐phase	  entry.	  Values	  shown	  represent	  mean	  ±	  SEM	  from	  at	  least	  3	  experiments.	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Requirements	  for	  Ezrin	  cap	  formation	  	  	   Since	  the	  Ezrin	  cap	  coincides	  with	  a	  marked	  concentration	  of	  cortical	  actin	  and	  Ezrin	  can	  bind	  directly	  to	  actin	  (Algrain	  et	  al.	  1993;	  Turunen	  et	  al.	  1994),	  we	  examined	  the	  dependency	  of	  Ezrin	  cap	  formation	  upon	  the	  actin	  cytoskeleton.	  Treatment	  of	  cells	  with	  cytochalasin	  D,	  jasplakinolide	  or	  latrunculin	  A	  -­‐	  drugs	  that	  disrupt	  actin	  by	  different	  mechanisms	  -­‐	  completely	  abolished	  cap	  formation	  in	  single	  cells;	  in	  contrast,	  cells	  treated	  with	  the	  microtubule-­‐depolymerizing	  agent	  nocodazole	  did	  form	  mature	  caps	  (Figure	  2.3A).	  Polarization	  of	  the	  single-­‐celled	  C.	  
elegans	  oocyte	  is	  driven	  by	  actomyosin-­‐powered	  cortical	  flow	  of	  membrane	  proteins	  (Munro	  et	  al.	  2004);	  however,	  neither	  inhibitors	  of	  myosin	  II	  (blebbistatin)	  or	  Rho-­‐kinase,	  which	  acts	  upstream	  of	  myosin	  II	  (Y27632),	  perturbed	  Ezrin	  cap	  formation	  (Figure	  2.3A).	  	   	  The	  ERM	  proteins	  are	  activated	  by	  a	  phosphorylation-­‐mediated	  conformational	  change	  that	  unmasks	  the	  amino-­‐(N)-­‐terminal	  Four-­‐point-­‐one-­‐ERM	  (FERM)	  and	  carboxy-­‐(C)-­‐terminal	  actin-­‐binding	  domains;	  phosphorylation	  of	  residues	  within	  the	  FERM	  and	  C-­‐terminal	  domains	  may	  cooperate	  to	  effect	  and	  sustain	  ERM	  activation	  (Pearson	  et	  al.	  2000;	  Yang	  and	  Hinds	  2003).	  An	  antibody	  that	  specifically	  detects	  phosphorylation	  of	  the	  well-­‐studied	  T567	  C-­‐terminal	  residue	  recognized	  cortical	  Ezrin	  during	  all	  stages	  of	  cap	  formation,	  suggesting	  that	  the	  cap	  is	  composed	  of	  activated	  Ezrin	  (Figure	  2.3B).	  The	  Ste20-­‐like	  kinases	  SLK	  and	  Mst4	  can	  both	  phosphorylate	  this	  residue;	  in	  fact,	  Mst4-­‐mediated	  phosphorylation	  of	  Ezrin	  is	  important	  for	  brush	  border	  formation	  in	  Caco2	  cells	  (Hipfner	  et	  al.	  2004;	  Carreno	  et	  al.	  2008;	  Kunda	  et	  al.	  2008;	  ten	  Klooster	  et	  al.	  2009).	  However,	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elimination	  of	  Mst4	  did	  not	  perturb	  Ezrin	  cap	  formation	  (Figure	  2.3C).	  	  A	  more	  in	  depth	  analysis	  of	  SLK	  is	  described	  in	  Chapter	  4.	  	  
	  
	   	  	  
	  	  
Figure	  2.3	  (Continued	  on	  next	  page)	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Figure	  2.3	  (Continued).	  Regulation	  of	  Ezrin	  cap	  formation.	  	  (A)	  Ezrin	  cap	  formation	  is	  dependent	  upon	  actin.	  Single	  embedded	  Caco2	  cells	  were	  cultured	  with	  vehicle	  (DMSO),	  actin-­‐disrupting	  compounds	  (cytochalasin	  D,	  cytoD;	  jasplakinolide,	  jasplak;	  latrunculin	  A,	  latA),	  myosin	  II	  inhibitors	  (blebbistatin,	  blebbi;	  Rho-­‐kinase	  inhibitor,	  Y27632)	  or	  the	  microtubule	  depolymerizing	  drug	  nocodazole	  (nocod)	  and	  stained	  for	  Ezrin	  (green),	  actin	  (red)	  and	  DNA	  (blue).	  Cells	  were	  imaged	  using	  a	  widefield	  fluorescence	  microscope.	  (B)	  The	  Ezrin	  cap	  contains	  active	  phosphorylated	  ERM	  (pERM).	  Single	  embedded	  Caco2	  cells	  were	  fixed	  with	  TCA	  to	  preserve	  the	  pERM	  epitope	  and	  stained	  for	  Ezrin	  (green),	  pERM	  (red)	  and	  DNA	  (blue).	  (C)	  Mst4	  is	  not	  necessary	  for	  Ezrin	  cap	  formation.	  Cells	  infected	  with	  lentiviruses	  expressing	  control	  (scrambled;	  shSCR)	  or	  Mst4-­‐targeted	  shRNAs	  were	  subject	  to	  immunoblotting	  or	  IF	  analysis	  of	  Ezrin	  cap	  formation.	  Values	  shown	  are	  mean	  ±	  SEM.	  (D)	  The	  pan-­‐Cdk	  inhibitor	  roscovitine	  prevents	  cortical	  Ezrin	  localization	  and	  cap	  formation.	  Single	  embedded	  Caco2	  cells	  were	  cultured	  with	  25	  µM	  roscovitine	  for	  14	  hr	  then	  stained	  for	  Ezrin	  (green),	  actin	  (red)	  and	  DNA	  (blue).	  Values	  shown	  are	  mean	  ±	  SEM;	  *p<0.05.	  (E)	  Cdk5	  is	  required	  for	  Ezrin	  cortical	  localization	  and	  cap	  formation.	  Cells	  were	  stably	  infected	  with	  lentiviruses	  expressing	  control	  (shSCR)	  or	  two	  short	  hairpins	  targeting	  Cdk5	  (shCdk5.2,	  shCdk5.3).	  Most	  shCdk5.2	  expressing	  cells	  do	  not	  form	  Ezrin	  caps	  while	  shCdk5.3	  expressing	  cells	  exhibit	  a	  mild	  defect	  in	  cap-­‐formation,	  consistent	  with	  the	  weak	  knockdown	  achieved	  with	  shCdk5.3.	  Values	  shown	  are	  mean	  ±	  SEM;	  *p<0.05.	  Bars	  10µm.	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The	  N-­‐terminal	  residue	  T235	  directly	  apposes	  T567	  in	  crystal	  structures	  of	  self-­‐associated	  ERMs	  and	  can	  be	  phosphorylated	  by	  the	  cyclin-­‐dependent	  kinase	  Cdk5	  (Pearson	  et	  al.	  2000;	  Yang	  and	  Hinds	  2003).	  Indeed,	  treatment	  with	  the	  pan-­‐Cdk	  inhibitor	  roscovitine	  dramatically	  perturbed	  Ezrin	  cap	  formation	  and	  largely	  eliminated	  the	  cortical	  localization	  of	  Ezrin	  (Figure	  2.3D).	  The	  absence	  of	  pH3-­‐positive	  cells	  confirmed	  the	  activity	  of	  roscovitine	  in	  these	  experiments	  (Figure	  2.4A).	  Moreover,	  elimination	  of	  the	  expression	  of	  Cdk5,	  which	  is	  inhibited	  by	  roscovitine,	  or	  its	  major	  activator	  p35,	  also	  dramatically	  decreased	  the	  proportion	  of	  single	  cells	  with	  an	  Ezrin	  cap	  (Figure	  2.3E;	  Figure	  2.4B).	  Like	  those	  treated	  with	  roscovitine,	  the	  majority	  of	  single	  Cdk5-­‐deficient	  cells	  failed	  to	  concentrate	  Ezrin	  at	  the	  membrane	  at	  all,	  consistent	  with	  the	  notion	  that	  Cdk5	  is	  required	  for	  Ezrin	  activation.	  Unlike	  roscovitine-­‐treated	  cells,	  however,	  Cdk5-­‐deficient	  cells	  progressed	  normally	  into	  S-­‐phase,	  indicating	  that	  Ezrin	  cap	  formation	  is	  not	  dependent	  upon	  or	  required	  for	  S-­‐phase	  progression	  (not	  shown).	  Thus	  Cdk5-­‐mediated	  Ezrin	  activation	  may	  be	  a	  prerequisite	  for	  the	  cell-­‐cycle	  dependent	  reorganization	  of	  the	  cell	  cortex	  prior	  to	  mitosis.	  Notably,	  in	  both	  roscovitine-­‐treated	  and	  Cdk5-­‐deficient	  cells	  actin	  is	  uniformly	  localized	  around	  the	  cortex	  (Figure	  2.3D,E)	  suggesting	  that	  the	  concentration	  of	  actin	  into	  a	  cap	  requires	  cortical	  Ezrin.	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Figure	  2.4	  Regulation	  of	  Ezrin	  cap	  formation.	  (A)	  Roscovitine-­‐treatment	  blocks	  cell	  cycle	  progression.	  Single	  embedded	  Caco2	  cells	  were	  cultured	  for	  14	  hr	  in	  DMSO	  or	  25	  µM	  roscovitine	  and	  stained	  for	  pH3	  and	  DNA.	  Nuclei	  of	  single	  Caco2	  cells	  were	  scored	  for	  the	  presence	  or	  absence	  of	  pH3	  staining	  indicative	  of	  mitotic	  entry.	  Values	  shown	  represent	  mean	  ±	  SEM	  from	  at	  least	  3	  independent	  experiments.	  (B)	  p35	  is	  required	  for	  Ezrin	  cortical	  localization	  and	  cap	  formation.	  Cells	  were	  stably	  infected	  with	  lentiviruses	  expressing	  control	  (shSCR)	  or	  three	  short	  hairpins	  targeting	  p35	  (shp35.17,	  shp35.18	  and	  shp35.20).	  Single	  cells	  were	  embedded	  and	  cultured	  for	  14	  hr	  and	  stained	  for	  Ezrin	  (green),	  Actin	  (red)	  and	  DNA	  (blue).	  The	  shp35.17	  hairpin	  yielded	  strong	  knockdown	  of	  p35	  (immunoblot)	  and	  shp35.17-­‐expressing	  cells	  exhibited	  defective	  cap	  formation,	  largely	  failing	  to	  concentrate	  Ezrin	  at	  the	  cortex	  at	  all.	  In	  contrast,	  cells	  expressing	  shSCR,	  shp35.18	  and	  shp35.20	  retain	  p35	  expression	  and	  form	  normal	  Ezrin	  caps.	  Values	  shown	  represent	  mean	  ±	  SEM	  from	  at	  least	  3	  independent	  experiments.	  Bar	  10µ	  m.	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Ezrin	  cap	  formation	  is	  dependent	  on	  Merlin	  	   Substantial	  evidence	  suggests	  that	  the	  ERM	  proteins	  and	  Merlin	  share	  a	  functional	  and	  conserved	  relationship,	  but	  the	  nature	  of	  that	  relationship	  is	  obscure	  (McClatchey	  and	  Fehon	  2009).	  We	  found	  that	  in	  cells	  forming	  an	  Ezrin	  cap,	  exogenous	  wild-­‐type	  Merlin	  does	  not	  colocalize	  with	  Ezrin	  and	  instead	  decorates	  the	  entire	  cell	  cortex	  (Figure	  2.5A).	  In	  contrast,	  a	  mutant	  version	  of	  Merlin	  (Nf218-­‐
595)	  that	  does	  not	  stably	  localize	  to	  the	  cortical	  cytoskeleton	  (Cole	  et	  al.	  2008)	  remains	  cytoplasmic	  throughout	  Ezrin	  cap	  formation	  (Figure	  2.5A).	  Thus	  Merlin	  and	  Ezrin	  exhibit	  distinct	  cortical	  distributions	  in	  single	  cells	  prior	  to	  division.	  Strikingly,	  we	  found	  that	  elimination	  of	  NF2	  expression	  completely	  prevented	  Ezrin	  cap	  formation	  (Figure	  2.5B).	  However,	  in	  contrast	  to	  roscovitine	  treatment	  or	  elimination	  of	  Cdk5,	  loss	  of	  Merlin	  yielded	  either	  uniform	  cortical	  localization	  of	  Ezrin	  or	  the	  appearance	  of	  multiple	  cortical	  Ezrin	  patches,	  suggesting	  that	  rather	  than	  influencing	  Ezrin	  activation,	  Merlin	  normally	  functions	  to	  restrict	  the	  localization	  of	  active	  Ezrin	  at	  the	  membrane.	  In	  fact,	  re-­‐expression	  of	  either	  wild-­‐type	  or	  myristoylated,	  membrane-­‐tethered	  Merlin	  (NF2myr)	  rescued	  Ezrin	  cap	  formation	  (Figure	  2.5C).	  In	  contrast,	  Ezrin	  cap	  formation	  was	  not	  rescued	  by	  Nf218-­‐
595	  (Figure	  2.5D).	  The	  N-­‐terminal	  17	  amino	  acids	  of	  Merlin	  precede	  the	  FERM	  domain	  and	  are	  necessary	  for	  both	  localization	  to	  the	  cortical	  cytoskeleton	  and	  for	  the	  direct	  association	  of	  Merlin	  with	  the	  actin-­‐binding	  protein	  α-­‐catenin	  (Gladden	  et	  al.	  2010).	  Notably,	  Ezrin	  neither	  has	  this	  N-­‐terminal	  motif	  nor	  interacts	  with	  α-­‐catenin	  (Gladden	  et	  al.	  2010).	  The	  requirement	  of	  these	  residues	  for	  the	  cortical	  localization	  of	  Merlin	  in	  single	  Caco2	  cells	  suggests	  that	  α-­‐catenin	  could	  link	  Merlin	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to	  the	  cortical	  cytoskeleton	  even	  in	  the	  absence	  of	  adherens	  junctions.	  Indeed,	  Merlin	  fails	  to	  stably	  localize	  to	  the	  cortex	  of	  single	  cells	  in	  the	  absence	  of	  α-­‐catenin	  (Figure	  2.5F).	  Moreover,	  Ezrin	  cap	  formation	  in	  single	  cells	  is	  completely	  dependent	  upon	  α-­‐catenin	  (Figure	  2.5E).	  These	  data	  identify	  a	  novel	  junction-­‐independent	  function	  for	  α-­‐catenin	  and	  suggest	  that	  the	  α-­‐catenin-­‐dependent	  localization	  of	  Merlin	  to	  the	  cortex	  of	  single	  cells	  functions	  to	  restrict	  cortical	  Ezrin	  distribution	  prior	  to	  mitosis.	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Figure	  2.5	  (Continued	  on	  next	  page)	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Figure	  2.5	  (Continued).	  Merlin	  is	  required	  for	  Ezrin	  cap	  formation.	  	  (A)	  Merlin	  exhibits	  uniform	  cortical	  localization	  in	  cells	  harboring	  a	  mature	  Ezrin	  cap.	  Cells	  expressing	  FLAG-­‐tagged	  versions	  of	  wild-­‐type	  mouse	  Merlin	  (mNf2wt)	  or	  mNf218-­‐595	  were	  stained	  for	  Ezrin	  (green),	  Merlin	  (red)	  and	  DNA	  (blue).	  (B)	  Endogenous	  Merlin	  is	  required	  for	  Ezrin	  cap	  formation.	  Caco2	  cells	  stably	  expressing	  control	  (shSCR)	  or	  
NF2-­‐targeted	  shRNAs	  (shNF2)	  were	  stained	  for	  Ezrin	  (green)	  and	  DNA	  (blue).	  Immunoblot	  confirms	  the	  loss	  of	  Merlin.	  (C)	  Ezrin	  capping	  is	  rescued	  by	  reintroduction	  of	  wild-­‐type	  or	  membrane-­‐tethered	  Merlin.	  CaCo2	  cells	  stably	  expressing	  shSCR	  or	  shNF2	  were	  infected	  with	  lentiviruses	  expressing	  shNF2-­‐resistant	  wild-­‐type	  (hNF2wt)	  or	  myristoylated	  (hNF2myr)	  human	  Merlin.	  Immunoblot	  confirms	  the	  loss	  of	  endogenous	  Merlin	  and	  expression	  of	  exogenous	  hNF2wt	  and	  hNF2myr.	  Values	  shown	  are	  mean	  ±	  SEM;	  *p<0.05.	  (D)	  mNf218-­‐595	  does	  not	  rescue	  Ezrin	  cap	  formation.	  Cells	  stably	  expressing	  shSCR	  or	  shNF2	  were	  infected	  with	  lentiviruses	  expressing	  mNf2wt	  or	  mNf218-­‐595.	  Immunoblot	  confirms	  loss	  of	  Merlin	  and	  expression	  of	  exogenous	  mNf2wt	  and	  mNf218-­‐595.	  Values	  shown	  are	  mean	  ±	  SEM;	  *p<0.05.	  (E)	  α-­‐catenin	  is	  required	  for	  Ezrin	  cap	  formation.	  Cells	  expressing	  control	  (shSCR)	  or	  α-­‐catenin-­‐targeted	  (shα-­‐cat)	  shRNAs	  were	  stained	  for	  Ezrin	  (green),	  actin	  (red)	  and	  DNA	  (blue)	  and	  monitored	  for	  Ezrin	  cap	  formation.	  Immunoblot	  confirms	  the	  loss	  α-­‐catenin	  protein.	  (F)	  Embedded	  Caco2	  cells	  expressing	  control	  (shSCR)	  or	  α-­‐catenin-­‐targeted	  (shα-­‐cat)	  shRNAs	  were	  cultured	  for	  14	  hr,	  fixed,	  permeabilized	  and	  stained	  for	  Merlin	  (green),	  Ezrin	  (red)	  and	  DNA	  (blue).	  Merlin	  retained	  stable	  cortical	  localization	  in	  shSCR-­‐expressing	  cells	  but	  not	  in	  shα-­‐cat-­‐expressing	  cells.	  Immunoblot	  confirms	  diminished	  shα-­‐cat	  expression.	  Values	  shown	  are	  mean	  ±	  SEM;	  **p<0.01.	  Bars,	  10µm.	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ERMs	  and	  Merlin	  are	  essential	  for	  centrosome	  positioning	  	  As	  single	  Caco2	  cells	  undergo	  the	  first	  mitosis	  in	  Matrigel	  the	  cleavage	  furrow	  is	  converted	  to	  junctional	  and	  then	  apical	  surface	  and	  subsequent	  mitotic	  spindles	  orient	  relative	  to	  that	  central	  apical	  lumen	  (Jaffe	  et	  al.	  2008).	  It	  is	  not	  known	  whether	  a	  single	  cell	  actively	  orients	  the	  first	  mitotic	  spindle	  in	  the	  absence	  of	  an	  external	  cue	  or	  apical	  domain.	  The	  mitotic	  spindle	  forms	  after	  centrosome	  duplication	  and	  migration	  of	  one	  centrosome	  to	  the	  opposite	  pole	  (Nigg	  2007).	  Centrosomes	  use	  astral	  microtubules	  to	  communicate	  with	  the	  cell	  cortex,	  but	  little	  is	  known	  about	  the	  molecular	  basis	  of	  this	  communication	  (Sandquist	  et	  al.	  2011).	  During	  Ezrin	  cap	  formation	  cells	  contain	  single	  centrosomes	  (Figure	  2.6A,	  left);	  however,	  most	  cells	  harboring	  a	  mature	  Ezrin	  cap	  had	  undergone	  centrosome	  duplication,	  which	  occurs	  at	  the	  G1-­‐S	  transition	  (Figure	  2.6A,	  middle).	  We	  noted	  that	  prior	  to	  duplication	  the	  single	  centrosome	  is	  always	  positioned	  beneath	  the	  Ezrin-­‐decorated	  cortex	  and	  centrosome	  duplication	  occurs	  immediately	  beneath	  the	  cap	  as	  soon	  as	  it	  is	  mature	  (Figure	  2.6A).	  Subsequently,	  mitotic	  spindles	  always	  orient	  with	  one	  centrosome	  proximal	  to	  the	  Ezrin	  cap	  (Figure	  2.6B).	  During	  cytokinesis	  Ezrin	  relocalizes	  to	  the	  cleavage	  furrow,	  from	  which	  the	  nascent	  apical	  lumen	  forms;	  during	  the	  ensuing	  interphase	  centrosomes	  again	  localize	  in	  close	  apposition	  to	  Ezrin	  at	  the	  new	  apical	  surface	  (Figure	  2.6A,	  right).	  Thus	  there	  is	  a	  tight	  correlation	  between	  the	  cortical	  distribution	  of	  Ezrin	  and	  the	  position	  of	  the	  centrosome(s)	  throughout	  the	  cell	  cycle.	  	  	  	  
	   60	  
Figure	  2.6	  (Continued	  on	  next	  page)	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Figure	  2.6	  	  (Continued).	  Cortical	  Ezrin	  controls	  centrosome	  position.	  (A)	  Correlation	  between	  cortical	  Ezrin	  and	  centrosome	  position.	  Cells	  were	  stained	  for	  Ezrin	  (green),	  Pericentrin	  (red)	  and	  DNA	  (blue)	  and	  imaged	  using	  a	  widefield	  fluorescence	  microscope.	  (B)	  In	  single	  cells	  one	  spindle	  pole	  always	  localizes	  beneath	  the	  Ezrin	  cap.	  Cells	  were	  stained	  for	  Ezrin	  (red),	  α-­‐Tubulin	  (green)	  and	  DNA	  (blue).	  The	  angles	  between	  the	  spindle	  axis	  (dotted	  line)	  and	  a	  line	  connecting	  the	  center	  of	  the	  Ezrin	  cap	  to	  the	  center	  of	  the	  spindle	  (dashed	  line)	  were	  measured	  using	  Zen	  software	  and	  depicted	  by	  scatter	  plot	  (left).	  (C)	  Centrosomes	  localize	  beneath	  ectopic	  cortical	  Ezrin.	  Control	  (shSCR),	  shCdk5-­‐	  or	  shNF2-­‐expressing	  cells	  were	  stained	  for	  Ezrin	  (green),	  Pericentrin	  (red)	  and	  DNA	  (blue).	  (D)	  Microtubules	  are	  required	  for	  the	  positioning	  of	  centrosomes	  beneath	  cortical	  Ezrin.	  Cells	  were	  treated	  with	  vehicle	  (DMSO)	  or	  nocodazole	  (20	  μM)	  and	  stained	  for	  Ezrin	  (green),	  Pericentrin	  (red)	  or	  DNA	  (blue).	  Bars,	  10µm.	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To	  determine	  whether	  Ezrin	  provides	  a	  cortical	  cue	  for	  centrosome	  positioning	  we	  examined	  the	  position	  of	  centrosomes	  in	  shNF2-­‐expressing	  cells,	  in	  which	  cortical	  Ezrin	  fails	  to	  be	  restricted	  to	  a	  single	  cap-­‐like	  domain.	  In	  these	  cells	  centrosomes	  were	  located	  in	  close	  proximity	  to	  the	  cell	  cortex	  and	  specifically	  to	  areas	  of	  the	  cortex	  that	  were	  decorated	  by	  ectopic	  Ezrin	  (Figure	  2.6C).	  In	  contrast,	  in	  cells	  that	  express	  shCdk5	  and	  have	  no	  cortical	  Ezrin,	  centrosomes	  often	  failed	  to	  exhibit	  a	  clear	  cortical	  association	  (not	  shown).	  Finally,	  consistent	  with	  the	  notion	  that	  astral	  microtubules	  mediate	  communication	  between	  centrosomes	  and	  the	  Ezrin-­‐decorated	  cortex,	  we	  found	  that	  although	  nocodazole	  treatment	  did	  not	  prevent	  Ezrin	  cap	  formation,	  it	  eliminated	  the	  positioning	  of	  the	  centrosome	  beneath	  the	  Ezrin	  cap;	  nocodazole-­‐treated	  cells,	  like	  shCdk5-­‐expressing	  cells,	  exhibited	  a	  random	  and	  often	  non-­‐cortical	  localization	  of	  centrosomes	  (Figure	  2.6D).	  Together	  these	  results	  suggest	  that	  Ezrin	  provides	  an	  intrinsic	  cortical	  cue	  for	  positioning	  the	  centrosome	  and	  that	  cortical	  Merlin	  functions	  to	  restrict	  and	  position	  that	  cue.	  
	  
Coordination	  of	  cell	  cycle	  and	  polarity	  cues	  Although	  Ezrin	  cap	  formation	  is	  perturbed	  in	  shNF2-­‐expressing	  cells,	  some	  Ezrin	  did	  relocalize	  to	  the	  cleavage	  furrow	  and	  nascent	  lumen	  (Figure	  2.7A).	  However,	  in	  contrast	  to	  control	  cells,	  Ezrin	  was	  not	  restricted	  to	  the	  cleavage	  furrow	  and	  nascent	  apical	  lumen	  at	  the	  2-­‐cell	  stage	  in	  the	  absence	  of	  Merlin	  and	  instead	  exhibited	  ectopic	  cortical	  localization	  (Figure	  2.7A).	  Centrosomes	  were	  also	  not	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restricted	  to	  the	  area	  beneath	  the	  nascent	  lumen	  and	  were	  instead	  observed	  in	  proximity	  to	  ectopic	  cortical	  Ezrin	  (Figure	  2.7A).	  	  
	  
Figure	  2.7	  (Continued	  on	  next	  page)	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Figure	  2.7	  (Continued).	  Merlin/ERMs	  are	  required	  for	  the	  development	  of	  cysts	  containing	  a	  single	  central	  lumen.	  (A)	  Ectopic	  Ezrin	  persists	  after	  the	  first	  cell	  division	  in	  developing	  shNF2-­‐expressing	  cysts.	  2-­‐cell-­‐stage	  cysts	  expressing	  shSCR	  or	  shNF2	  were	  stained	  for	  Ezrin	  (green),	  Pericentrin	  (red)	  and	  DNA	  (blue).	  In	  contrast	  to	  controls,	  Ezrin	  is	  not	  restricted	  to	  the	  cleavage	  furrow/nascent	  lumen	  in	  the	  absence	  of	  Merlin.	  Two	  optical	  Z	  sections	  are	  shown	  so	  that	  centrosomes	  from	  both	  cells	  can	  be	  seen.	  The	  cell	  on	  the	  left	  lacks	  ectopic	  Ezrin	  and	  the	  centrosome	  positions	  normally	  beneath	  the	  nascent	  lumen;	  the	  centrosome	  in	  the	  cell	  on	  the	  right	  is	  closely	  associated	  with	  ectopic	  cortical	  Ezrin.	  (B)	  Ectopic	  cortical	  Ezrin	  is	  associated	  with	  aberrant	  spindle	  orientation.	  shSCR-­‐	  and	  shNF2-­‐expressing	  cells	  were	  stained	  for	  actin	  (red),	  α-­‐tubulin	  (green),	  Pericentrin	  (magenta)	  and	  DNA	  (blue).	  Confocal	  images	  spanning	  both	  spindle	  poles	  were	  used	  to	  measure	  the	  angle	  between	  the	  spindle	  axis	  and	  a	  line	  connecting	  the	  apical	  surface	  of	  the	  cyst	  to	  the	  center	  of	  the	  spindle	  using	  Zen	  software	  (schematic).	  Values	  shown	  are	  mean	  ±	  SEM.	  
(C)	  Loss	  of	  Merlin	  yields	  cysts	  with	  multiple	  lumens.	  Cysts	  were	  stained	  for	  Ezrin	  (green),	  actin	  (red),	  aPKC	  (magenta)	  and	  DNA	  (blue).	  Control	  cells	  (shSCR)	  developed	  into	  cysts	  with	  a	  single	  lumen	  but	  cells	  expressing	  shNF2	  develop	  into	  cysts	  with	  multiple	  lumens.	  Immunoblot	  confirms	  the	  loss	  of	  Merlin	  expression.	  Values	  shown	  are	  mean	  ±	  SEM.	  (D)	  Dominant	  negative	  Ezrin	  interferes	  with	  capping,	  centrosome	  positioning	  and	  cyst	  formation.	  Cells	  infected	  with	  control	  or	  FLAG-­‐EzrΔact	  were	  cultured	  for	  14	  hr	  (1-­‐	  and	  2-­‐cell	  structures)	  or	  6	  days	  (cysts).	  Single	  cells	  were	  stained	  for	  FLAG-­‐EzrΔact	  (green),	  actin	  (red),	  Pericentrin	  (magenta)	  and	  DNA	  (blue)	  while	  2-­‐cell	  and	  cyst	  structures	  were	  stained	  for	  Ezrin	  (green,	  detects	  Ezrin	  and	  FLAG-­‐EzrΔact)	  or	  FLAG-­‐EzrΔact	  (green),	  Pericentrin	  (red)	  and	  DNA	  (blue).	  EzrΔact-­‐expressing	  cysts	  fail	  to	  form	  lumens	  and	  localize	  EzrΔact,	  actin	  and	  aPKC,	  which	  are	  normally	  apical,	  to	  the	  outer	  membrane	  that	  contacts	  the	  Matrigel.	  Immunoblot	  confirms	  the	  expression	  of	  EzrΔact.	  Bars,	  10	  µm	  (1-­‐/2-­‐cell	  structures)	  or	  20	  µm	  (cysts).	  Values	  shown	  are	  mean	  ±	  SEM;	  *p<0.05.	  (E)	  Schematic	  showing	  how	  the	  restriction	  of	  cortical	  Ezrin	  (green)	  positions	  the	  interphase	  centrosome	  (red)	  and	  ensuing	  mitotic	  spindle	  in	  single	  control	  cells	  and	  in	  the	  derivative	  cyst	  with	  a	  single	  lumen	  (top).	  In	  the	  absence	  of	  Merlin	  (bottom),	  ectopic	  cortical	  Ezrin	  yields	  mispositioned	  centrosomes,	  misoriented	  spindles	  and	  cysts	  with	  multiple	  lumens.	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Ectopic	  Ezrin	  and	  defective	  centrosome	  positioning	  were	  associated	  with	  abnormal	  spindle	  orientation	  in	  cysts	  composed	  of	  two	  or	  more	  cells.	  In	  control	  cysts,	  centrosome	  duplication	  occurs	  apically	  and	  is	  followed	  by	  the	  migration	  of	  one	  centrosome	  to	  the	  opposite	  basolateral	  pole	  of	  the	  cell;	  in	  contrast	  to	  single	  cells,	  this	  is	  followed	  by	  a	  90°	  rotation	  of	  the	  developing	  spindle	  such	  that	  cells	  divide	  symmetrically	  around	  the	  central	  lumen	  (Rodriguez-­‐Fraticelli	  et	  al.	  2010).	  In	  contrast,	  spindles	  in	  shNF2-­‐expressing	  cells	  were	  randomly	  oriented	  at	  all	  times	  (Figure	  2.7B).	  Other	  studies	  have	  concluded	  that	  misorientation	  of	  the	  mitotic	  spindle	  leads	  to	  the	  formation	  of	  multiple	  lumens	  in	  3D	  cyst	  models	  (Jaffe	  et	  al.	  2008;	  Durgan	  et	  al.	  2011;	  Rilla	  et	  al.	  2011;	  Bray	  et	  al.	  2012).	  Indeed,	  mature	  NF2-­‐deficient	  cysts	  exhibit	  multiple	  lumens	  (Figure	  2.7C),	  a	  phenotype	  that	  can	  be	  rescued	  by	  exogenous	  expression	  of	  NF2wt	  and	  NF2myr	  but	  not	  by	  Nf218-­‐595	  (Figure	  2.8A,	  B).	  Notably,	  elimination	  of	  α-­‐catenin	  expression	  also	  led	  to	  the	  formation	  of	  multiple	  lumens,	  consistent	  with	  the	  role	  of	  α-­‐catenin	  in	  cortically	  localizing	  Merlin	  (Figure	  2.8C).	  Thus	  Merlin-­‐mediated	  restriction	  of	  cortical	  Ezrin	  is	  critical	  for	  centrosome	  positioning	  and	  spindle	  orientation,	  which	  is,	  in	  turn,	  necessary	  for	  the	  formation	  of	  an	  epithelial	  cyst	  with	  a	  single	  central	  lumen	  (Figure	  2.7E).	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Figure	  2.8	  (Continued	  on	  next	  page)	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Figure	  2.8	  (Continued).	  Merlin/ERMs	  are	  required	  for	  the	  development	  of	  cysts	  containing	  a	  single	  central	  lumen.	  (A)	  Reintroduction	  of	  human	  wild-­‐type	  (hNF2wt)	  or	  myristoylated	  membrane-­‐tethered	  Merlin	  (hNF2myr)	  rescues	  the	  multiple	  lumen	  phenotype	  in	  shNF2-­‐expressing	  cells.	  Caco2	  cells	  expressing	  shSCR	  or	  shNF2	  were	  infected	  with	  empty	  vector,	  hNF2wt	  and	  hNF2myr	  and	  embedded	  as	  single	  cells	  and	  cultured	  for	  6	  days.	  Cysts	  were	  stained	  for	  Ezrin	  (green),	  Actin	  (red)	  and	  DNA	  (blue).	  Cysts	  were	  scored	  for	  the	  presence	  of	  single	  or	  multiple	  lumens	  and	  quantified	  (left).	  Values	  shown	  represent	  mean	  ±	  SEM	  from	  at	  least	  3	  independent	  experiments.	  Merlin	  expression	  was	  confirmed	  by	  immunoblot	  (right).	  (B)	  Exogenous	  expression	  of	  mouse	  wild-­‐type	  Merlin	  (mNf2wt)	  but	  not	  a	  mutant	  version	  (mNf218-­‐595)	  that	  does	  not	  stably	  localize	  to	  the	  cortical	  cytoskeleton	  rescues	  the	  multiple	  lumen	  phenotype.	  Cells	  stably	  expressing	  shSCR	  or	  shNF2	  were	  infected	  with	  empty	  vector,	  mNf2wt	  and	  mNf218-­‐595	  then	  embedded	  as	  single	  cells	  and	  cultured	  for	  6	  days.	  Cysts	  (top)	  were	  stained	  for	  Ezrin	  (green),	  Actin	  (red)	  and	  DNA	  (blue)	  and	  scored	  for	  the	  presence	  of	  single	  or	  multiple	  lumens.	  Values	  shown	  represent	  mean	  ±	  SEM	  from	  at	  least	  3	  independent	  experiments.	  Merlin	  expression	  was	  confirmed	  by	  immunoblot	  (bottom	  left).	  Bar	  20µm.	  (C)	  Loss	  of	  α-­‐catenin	  yields	  multiple	  lumens.	  Cysts	  cultured	  as	  in	  (A	  and	  B)	  and	  expressing	  shSCR	  or	  shα-­‐cat	  (left)	  were	  stained	  for	  Ezrin	  (green),	  Actin	  (red)	  and	  DNA	  (blue).	  Cysts	  were	  scored	  for	  the	  presence	  of	  single	  or	  multiple	  lumens	  and	  quantified	  (right).	  Values	  shown	  represent	  mean	  ±	  SEM	  from	  at	  least	  3	  independent	  experiments.	  Expression	  of	  α-­‐catenin	  was	  confirmed	  by	  immunoblot	  (middle).	  Bar	  10µm.	  (D)	  Loss	  of	  Ezrin	  and	  Radixin	  prevents	  lumen	  formation.	  Cysts	  cultured	  as	  in	  (A	  and	  B)	  expressing	  shSCR	  or	  two	  independent	  hairpins	  targeting	  Ezrin	  and	  Radixin	  (shEzr/Rdx),	  the	  only	  two	  ERMs	  expressed	  by	  Caco2	  cells,	  were	  stained	  for	  Ezrin	  (green),	  Actin	  (red),	  aPKC	  (magenta)	  and	  DNA	  (blue).	  Cysts	  that	  lack	  ERM	  expression	  do	  not	  form	  lumens	  (left).	  Expression	  of	  Ezrin	  and	  Radixin	  was	  confirmed	  by	  immunoblot	  (middle).	  Bar	  10µm.	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Consistent	  with	  this	  model,	  elimination	  of	  ERM	  function,	  either	  via	  expression	  of	  a	  well-­‐characterized	  dominant	  negative	  version	  of	  Ezrin	  (EzrΔact)	  that	  can	  neither	  bind	  to	  nor	  stabilize	  actin	  or	  of	  shRNAs	  targeting	  both	  Ezrin	  and	  Radixin	  yielded	  loss	  of	  Ezrin	  capping	  and	  cysts	  that	  lacked	  lumens	  altogether	  (Figure	  2.7D;	  Figure	  2.8D).	  This	  is	  consistent	  with	  the	  known	  function	  of	  Ezrin	  in	  establishing	  apical	  integrity	  and	  lumen	  formation	  in	  vivo	  (Saotome	  et	  al.	  2004).	  Notably,	  actin	  and	  the	  apical	  marker	  aPKC	  were	  concentrated	  on	  the	  outer	  surface	  of	  the	  ERM-­‐deficient	  cyst	  apposed	  to	  the	  extracellular	  matrix,	  consistent	  with	  a	  reversal	  of	  polarity	  (Figure	  2.7D).	  However,	  centrosomes	  and	  spindles	  were	  randomly	  positioned,	  even	  in	  these	  outer	  cells	  that	  form	  a	  pseudo-­‐apical	  surface,	  consistent	  with	  the	  notion	  that	  active	  Ezrin	  itself	  is	  the	  essential	  cue	  for	  centrosome	  positioning	  (Figure	  2.7D;	  not	  shown).	  	  	  
Merlin/ERM	  proteins	  promote	  centrosome	  clustering	  	   Centrosome	  amplification	  is	  a	  feature	  of	  many	  cancer	  cells	  and	  can	  lead	  to	  the	  formation	  of	  multipolar	  spindles	  and	  chromosomal	  aneuploidy	  (Godinho	  et	  al.	  2009).	  However,	  in	  many	  cancer	  cells	  supernumerary	  centrosomes	  are	  clustered	  such	  that	  cells	  retain	  the	  ability	  to	  form	  bipolar	  spindles.	  The	  mechanisms	  by	  which	  centrosome	  clustering	  occurs	  are	  not	  well-­‐understood	  but	  recent	  studies	  suggest	  a	  key	  role	  for	  the	  force-­‐generating	  properties	  of	  the	  cortical	  actin	  cytoskeleton	  (Kwon	  et	  al.	  2008).	  We	  hypothesized	  that	  failure	  to	  restrict	  cortical	  Ezrin	  would	  prevent	  centrosome	  clustering	  and	  yield	  multipolar	  spindles.	  In	  fact,	  a	  significant	  fraction	  of	  Caco2	  cells	  have	  supernumerary	  centrosomes	  but	  they	  cluster	  well,	  yielding	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predominantly	  bipolar	  spindles	  (Figure	  2.9A).	  However,	  shNF2-­‐expressing	  Caco2	  cells	  often	  exhibited	  defective	  centrosome	  clustering	  and	  multipolar	  spindles	  in	  3D	  cultures	  and	  with	  even	  greater	  frequency	  in	  2D	  cultures	  (Figure	  2.9A).	  To	  determine	  whether	  Merlin	  is	  required	  for	  centrosome	  clustering	  in	  other	  tumor	  cell	  types,	  we	  eliminated	  NF2	  expression	  in	  BT-­‐549	  mammary	  tumor	  cells	  that	  also	  harbor	  supernumerary	  centrosomes	  (Kwon	  et	  al.	  2008);	  again,	  loss	  of	  Merlin	  prevented	  centrosome	  clustering	  and	  yielded	  a	  dramatic	  increase	  in	  multipolar	  spindle	  formation	  (Figure	  2.9B).	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Figure	  2.9	  (Continued	  on	  next	  page)	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Figure	  2.9	  (Continued).	  Loss	  of	  Merlin	  prevents	  centrosome	  clustering.	  (A)	  Loss	  of	  Merlin	  yields	  multipolar	  spindles.	  Caco2	  cells	  grown	  in	  3D	  (top)	  or	  2D	  (bottom)	  were	  stained	  for	  α-­‐tubulin	  (green),	  Pericentrin	  (red)	  or	  DNA	  (blue).	  Dotted	  line	  marks	  the	  cyst	  apical	  surface.	  (B)	  Loss	  of	  Merlin	  yields	  multipolar	  spindles	  in	  BT-­‐549	  mammary	  tumor	  cells.	  BT-­‐549	  cells	  grown	  in	  2D	  were	  stained	  for	  α-­‐tubulin	  (green),	  Centrin-­‐2	  (red)	  and	  DNA	  (blue).	  Bars,	  10µm.	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Similar	  results	  were	  observed	  in	  U2OS	  osteosarcoma	  cells	  (Figure	  2.10).	  These	  data	  suggest	  that	  Merlin	  promotes	  centrosome	  clustering	  and	  silences	  multipolar	  spindle	  formation	  by	  restricting	  the	  distribution	  of	  the	  cortical	  force-­‐generator	  Ezrin	  in	  many	  cell	  types;	  they	  also	  suggest	  that	  defective	  centrosome	  clustering	  may	  contribute	  to	  the	  tumorigenic	  consequences	  of	  NF2-­‐loss.	  
	  
	  
Figure	  2.10	  Loss	  of	  Merlin	  prevents	  centrosome	  clustering.	  U2OS	  cells	  grown	  in	  2D	  were	  stained	  for	  α-­‐tubulin	  (green),	  Centrin-­‐2	  (red)	  and	  DNA	  (blue).	  Loss	  of	  Merlin	  yields	  multipolar	  spindles	  (top	  left)	  and	  prevents	  centrosome	  clustering	  (top	  right).	  Bar	  10µm.	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Concomitant	  loss	  of	  Merlin	  and	  ERM	  function	  is	  detrimental	  
	   We	  have	  shown	  that	  Merlin	  and	  the	  ERM	  proteins	  function	  to	  organize	  the	  cortex	  of	  single	  cells,	  which,	  in	  turn,	  is	  critical	  for	  proper	  centrosome	  positioning,	  mitotic	  spindle	  orientation	  and	  tissue	  morphogenesis.	  	  A	  number	  of	  studies	  suggest	  that	  Merlin	  and	  the	  ERMs	  functionally	  interact	  but	  the	  nature	  of	  their	  interaction	  is	  unknown.	  	  Our	  work	  suggests	  that	  Merlin	  and	  the	  ERMs	  cooperate	  to	  organize	  the	  cell	  cortex	  to	  maintain	  proper	  tissue	  organization.	  	  To	  begin	  to	  understand	  the	  nature	  of	  potential	  cooperativity	  between	  Merlin	  and	  the	  ERM	  proteins	  we	  perturbed	  Merlin	  and	  ERM	  function	  together	  by	  concomitant	  expression	  of	  shNf2	  and	  EzrΔact	  in	  CaCo2	  cells.	  	  We	  note	  that	  cells	  fail	  to	  form	  caps	  and	  arrest	  as	  single	  cells	  upon	  loss	  of	  both	  Merlin	  and	  ERM	  function	  (Figure	  2.11).	  	  This	  suggests	  strong	  cooperativity	  for	  Merlin/ERMs	  in	  organizing	  the	  cell	  cortex	  and	  prompted	  an	  investigation	  of	  their	  functional	  interaction	  in	  vivo	  using	  our	  available	  Nf2lox/lox	  and	  Ezrlox/lox;Vil-­‐Cre-­‐ERT2	  mice	  to	  generate	  mice	  that	  conditionally	  delete	  both	  Nf2	  and	  
Ezr	  in	  the	  intestinal	  epithelium.	  	  Therefore,	  we	  describe	  their	  functional	  interaction	  
in	  vivo	  using	  the	  highly	  dynamic	  mouse	  intestinal	  epithelium	  as	  a	  model	  (Chapter	  3).	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Figure	  2.11	  (Continued	  on	  next	  page)	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Figure	  2.11	  (Continued).	  Merlin	  and	  ERMs	  are	  required	  together	  function	  Cyst	  formation	  of	  CaCo2	  cells	  infected	  with	  empty	  vector,	  shNf2,	  EzΔ,	  or	  both	  shNf2	  and	  EzΔ	  together.	  	  Infected	  cells	  were	  trypsinized	  into	  single	  cell	  suspension,	  embedded	  into	  matrigel,	  and	  allowed	  to	  develop	  into	  cysts	  for	  7	  days.	  	  (A-­‐C)	  	  Cells	  infected	  with	  empty	  vector	  develop	  into	  cysts	  with	  a	  single	  lumen	  where	  actin	  and	  aPKC	  concentrate	  at	  the	  apical	  surface	  of	  the	  cell	  facing	  the	  lumen.	  	  (D-­‐F)	  shNf2	  expressing	  cells	  develop	  multiple-­‐lumens	  within	  the	  cyst	  structure	  as	  indicated	  by	  concentration	  of	  actin	  and	  aPKC	  (white	  arrows).	  	  (G-­‐I)	  Cells	  infected	  with	  EzΔ	  fail	  to	  form	  lumens	  and	  concentrate	  EzΔ	  and	  actin	  around	  the	  outer	  edge	  of	  the	  cyst	  that	  contacts	  the	  ECM	  indicating	  a	  reversal	  of	  polarity.	  	  (J-­‐L)	  	  The	  vast	  majority	  of	  cells	  infected	  with	  both	  shNf2	  and	  EzΔ	  fail	  to	  develop	  past	  the	  2-­‐cell	  stage	  into	  cyst	  structures	  indicating	  a	  cooperative	  interaction	  between	  Merlin	  and	  ERMs.	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Discussion	  
Our studies identify Merlin/ERM proteins as critical organizers of the cell cortex 
and advance our understanding of several fundamental cellular processes. For example, 
although studies in several model organisms have delineated diverse mechanisms 
whereby external cues initiate cortical asymmetry, our discovery of cell-cycle mediated 
redistribution of cortical Ezrin in single cells demonstrates that cortical asymmetry can be 
intrinsically achieved in the absence of external cues. Our data suggest that a key 
consequence of symmetry-breaking is to organize cortical mechanical forces. Mounting 
evidence indicates that ERM proteins alter the mechanical properties of the cell cortex; 
thus ERM proteins stiffen the cortex during mitotic cell rounding and provide cortical 
force-generating elements for retraction fiber placement and cytokinetic furrow 
ingression (Thery et al. 2005; Kunda et al. 2008; Rosenblatt 2008; Luxenburg et al. 
2011). Our discovery that single spherical epithelial cells actively restrict cortical Ezrin 
distribution prior to centrosome duplication suggests that the mechanical properties of the 
cortex are asymmetrically organized long before mitosis. 
Importantly, the cortical Ezrin cap that forms in single cells does not contain other 
polarity or adhesion proteins; these proteins, along with Ezrin are subsequently recruited 
to the nascent junction and apical lumen during or after cleavage furrow formation (Fig. 
1C; (Jaffe et al. 2008). Interestingly, forced activation of the LKB1 kinase can induce the 
formation of a domain containing apical polarity, junctional and brush border proteins in 
single Caco2 cells (Baas et al. 2004); in fact, Mst4-induced Ezrin activation was 
implicated in brush border formation but not polarity in these studies (ten Klooster et al. 
2009). However, knockdown of Mst4 had no effect on Ezrin capping or cyst formation 
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(Fig. 2C; not shown). Thus activation of LKB1 and Mst4 may cooperate with the 
mechanism of Ezrin cap formation described here to further activate Ezrin and other 
targets, converting the Ezrin cap into a differentiated apical brush border.  
Our data suggest that the proximal function of the Ezrin cap is to position the 
interphase centrosome. In fact, the centrosome remains positioned beneath Ezrin-
decorated cortex during the progressive, cell-cycle correlated restriction of Ezrin (Fig. 
4A). Astral microtubules connect centrosomes to the cell cortex and apply pulling forces 
to the cortical cytoskeleton during mitosis (Manneville and Etienne-Manneville 2006; 
Kunda and Baum 2009; Vaughan and Dawe 2010). Cortical actin patches may localize 
anchoring and/or microtubule motor proteins such as dynein to counteract such forces 
(Sandquist et al 2011). Our studies are consistent with a model wherein the cell-cycle-
dependent restriction of Ezrin locally stabilizes actin, providing a force-generating 
platform for astral microtubule-mediated centrosome positioning prior to spindle 
formation. The mechanism by which cortical Ezrin is progressively restricted is not yet 
clear, but it is not halted by inhibitors of myosin, suggesting that it is not equivalent to the 
cortical flow that follows fertilization of the C. elegans oocyte (Munro et al. 2004). 
Although nocodazole disrupts the tight correlation between the mature cortical Ezrin cap 
and centrosome, it remains possible that the process is initiated by the astral microtubule-
mediated delivery of a key factor that modifies the activity of Ezrin, Merlin or both.  
During cytokinesis active Ezrin is redistributed to the cleavage furrow, which 
becomes the junction between two equal daughter cells. This occurs even in the absence 
of Cdk5, suggesting that other Ezrin regulators drive this redistribution. Ezrin is then 
restricted to the nascent apical lumen that forms within the first cell junction and remains 
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apical thereafter as cells divide symmetrically around the central lumen (Fig. 1A). From 
the two-cell stage on, the interphase centrosome localizes beneath the Ezrin-positive 
apical surface in these cysts as it does in many epithelial tissues. Thus while the cell 
cycle-dependent Ezrin cap that forms in single cells does not contain other markers of 
polarity, Ezrin is central to the integration of cell cycle and polarity cues during tissue 
building. Indeed, Ezrin is essential for apical integrity in intestinal epithelial cells in vivo 
(Saotome et al. 2004). Notably, as in single cells, the mitotic spindle initiates 
perpendicular to the Ezrin-positive apical surface; however, from the two-cell stage on 
the spindle rotates 90 degrees to effect symmetric division. This rotation may involve 
transient inactivation of Ezrin at the apical pole, and/or the more dominant cortical force-
generating activity of lateral AJs. The latter would fit well with studies of Drosophila 
neuroblast or germ cell division during which the AJ dominates over other cues to direct 
division orientation (Lu et al. 2001; Yamashita et al. 2010). Importantly, in the absence of 
Merlin, Ezrin is not restricted to the apical surface and interphase centrosomes localize 
near ectopic cortical Ezrin, leading to random spindle orientation and the formation of 
multiple lumens. Thus Merlin plays a key role in restricting the force generating activity 
of Ezrin in both single cells and multicellular cysts.  
The discovery that Merlin actively restricts the cortical activity of Ezrin suggests that 
the physical properties of the Ezrin- versus Merlin-decorated cortex are distinct. While 
ERM proteins interact directly with actin filaments via a conserved C-terminal actin-
binding domain, Merlin lacks this domain. Instead, we recently found that Merlin can 
directly associate with α-catenin, a core AJ component that can bind actin and modify 
actin remodeling (Gladden et al. 2010). Here we found that α-catenin is critical for the 
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stable localization of Merlin to the cortical cytoskeleton in single Caco2 cells. Moreover, 
loss of α-catenin phenocopies Merlin-deficiency in single cells and cysts, yielding ectopic 
cortical Ezrin and multiple lumens. Since α-catenin can regulate actin cytoskeleton 
dynamics (Drees et al. 2005; Yamada et al. 2005; Benjamin et al. 2010), it is tempting to 
speculate that Merlin uses α-catenin to modify cortical actin in a way that is distinct from 
that of Ezrin. Our data therefore uncover a novel junction-independent function for α-
catenin in organizing the physical properties of the cell cortex and establishing cortical 
polarity. Notably, E-cadherin is uniformly localized around the cortex of single Caco2 
cells (Figure 2.2B), so this function may not be cadherin-independent. 
Finally, our studies reveal that the ability to restrict the cortical distribution of Ezrin is a 
fundamental property of Merlin that may contribute to the tumorigenic consequences of 
NF2 loss in several ways. Defects in centrosome positioning and spindle orientation can 
cause defective epithelial morphogenesis and altered stem cell homeostasis, processes 
that have been linked to tumorigenesis. Indeed, loss of Merlin yields defective spindle 
orientation and multilayering of basal cells in the mouse skin and a dramatic 
overproliferation of progenitor cells that precedes tumorigenesis in the mouse liver 
(Benhamouche et al. 2010; Gladden et al. 2010). Alternatively, in cells with 
supernumerary centrosomes, aberrant centrosome clustering could affect genome stability 
(Kwon et al. 2008). For example, transient defects in centrosome clustering can promote 
chromosome missegregation and aneuploidy (Ganem et al. 2009). NF2 inactivation is 
found in an increasing number of sporadic malignant human cancers, including 
mesothelioma and renal adenocarcinoma, both of which are often aneuploid (Musti et al. 
2006; Dalgliesh et al.). Alternatively, loss of spindle pole clustering can also decrease cell 
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viability due to mitotic catastrophe (Ganem et al. 2009). Thus in some contexts loss of 
Merlin could actually favor tumor genome stability, as displayed by the benign 
schwannomas that NF2 patients predominantly develop. Finally, the local restriction of 
cortical Ezrin could contribute to the established functions of Merlin in controlling 
membrane receptor distribution and/or cell-cell junctions (Lallemand et al. 2003; Maitra 
et al. 2006; Curto et al. 2007; Gladden et al. 2010). For example, the ability of Merlin to 
control the internalization of the Epidermal Growth Factor Receptor (EGFR) in a α-
catenin- and cortical cytoskeleton-dependent manner (Curto et al. 2007; Cole et al. 2008; 
Morris and McClatchey 2009) could involve receptor-proximal restriction of the cortical 
force-generating properties of Ezrin. Similarly, Merlin-mediated restriction of Ezrin to 
the apical domain could drive junctional maturation (Gladden et al. 2010). Key future 
goals will be to determine how these activities are coordinated and whether certain cell 
types or cellular contexts are differentially sensitive to the loss of specific Merlin 
activities.	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Materials	  and	  Methods	  
 
Cell Culture 
Human Caco2 cells (the Caco2BBe subclone was used throughout; a gift from 
Wayne Lencer, Children’s Hospital, Boston) were cultured in 2D in DMEM/10% fetal 
bovine serum (FBS). For 3D cultures cells were rinsed 2X in PBS, trypsinized, 
resuspended in culture medium and passed through a 40µ filter to remove cell aggregates. 
Single cell suspensions were spun at 4,000 RPM for 1 min at 4°C before resuspending in 
ice cold collagen/Matrigel (1mg/ml collagen I, 0.02M HEPES/40% Matrigel, BD 
Biosciences) to a concentration of 6x104 cells/ml. 100 µl of embedded cells were plated 
in each well of an 8-well chamber slide, allowed to set at 37°C for 30 min and overlayed 
with 400 µl of media. BT-549 cells (a gift from Cyril Benes, MGH, Boston) were 
cultured in RPMI/5% FBS. 
The following pharmacological inhibitors were added directly to the medium of 
3D cultures: Calbiochem (blebbistatin 100 µM; jasplakinolide 1 µM; Y27632 20 µM), 
Sigma (cytochalasin D 5 µM; nocodazole 20 µM) Biomol (roscovitine 25 µM) and 
Cayman (latrunculin A 2 µM). The Click-iT® EdU cell proliferation assay (Invitrogen) 
was used to detect newly synthesized DNA.  
 
Immunofluorescence and Microscopy 
Caco2 cells in 3D culture were fixed in 3.7% formaldehyde in cytoskeletal buffer 
[CB; 10 mM 2-(N-morpholino)-ethanesulfonic acid sodium salt (MES), pH 6.1, 138 mM 
KCl, 3 mM MgCl2 and 2 mM EGTA] for 20 min at RT, washed 3X in PBS and 
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permeabilized for 20 min in 0.5% Triton X-100 in PBS. For Centrin-2 staining cells were 
fixed in cold methanol instead of CB for 20 min. Cells were rinsed 3X in PBS then 
PBS/100mM glycine for 15 min each and blocked for 1 hr in PBST/0.2% Triton X-
100/0.1% BSA/10% goat serum. Primary antibodies were diluted in block buffer and 
incubated overnight at RT. Cells were then rinsed 3X with PBST for 30 min, incubated 
with secondary antibodies, DAPI, and/or rhodamine-phalloidin for 1 hr and rinsed 3X 
with PBST. Labeled cells were visualized using a Nikon 90i fluorescence microscope or 
a Zeiss LSM510 laser scanning confocal microscope; images were processed using 
Elements (Nikon) or Zen (Zeiss) software. 
 
Plasmids 
C-terminal myc epitope tags on hNF2wt and hNF2myr (gifts from Helen Morrison, 
Leibniz Institute, Germany) were removed by PCR and a silent mutation in hNF2wt and 
hNF2myr was introduced by site directed mutagenesis to render these constructs resistant 
to shNF2 (details in Extended Experimental Procedures). N-terminal FLAG epitope tags 
were added onto mNf2wt and mNf218-595 by cloning into the pFLEX vector. Dominant 
negative ERM (EzrΔact) was a gift from Rick Fehon (U. of Chicago). Venus-tagged Par3 
was a gift from Ian Macara (U. of Virginia). All constructs were subcloned into the 
pCSC-SP-PW (pBOB) mammalian lentiviral expression vector.  
 
shRNA 
Fourteen lentiviral short hairpin RNA (shRNA) constructs targeting human Mst4, 
α-catenin and Slk were purchased from Open Biosystems. Specificity was determined by 
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WB and constructs that most efficiently targeted protein expression were utilized (details 
in Extended Experimental Procedures). The short hairpins targeting Cdk5 were gifts from 
Phil Hinds (Tufts U.). Scrambled control (shSCR) and NF2-targeting shRNA constructs 
were gifts from Marianne James (MGH). 
Ten lentiviral short hairpin RNA (shRNA) constructs targeting human Erin and 
Radixin were purchased from Open Biosystems. Specificity was determined by WB and 
constructs that most efficiently targeted protein expression were utilized. The following 
short hairpin clones were used throughout our experiments: Ezrin	  (TRCN0000062458),	  Radixin	  (TRCN0000062435),	  Mst4	  (TRCN0000003191)	  and	  α-­‐E-­‐catenin	  (TRCN0000002653).	  The short hairpins targeting p35 were gifts from Phil Hinds (Tufts 
U.) 
 
Lentivirus production 
Lentiviruses expressing shRNAs were generated by co-transfecting 293T cells 
with shRNA constructs together with the packaging vectors ΔVPR and VSVG (Fugene). 
Lentiviruses derived from pBOB constructs were generated similarly using the packaging 
vectors psPAX and pMD2.G (Fugene). Lentiviral supernatants were collected 5X over a 
period of 48 hr, filtered (0.22 µm), aliquotted and frozen at -80°C. For infection, cells 
were trypsinized, resuspended in 6 ml of lentiviral supernatant and cultured for 24 hr. 
Cells were then transferred to fresh medium containing 7µg/ml puromycin for 48 hr and 
plated in 2D or 3D culture. Stable Caco2 cell lines expressing shSCR and shNF2 were 
subject to WB analysis to monitor NF2 levels in each experiment.  
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Measurement of spindle angles 
Confocal images spanning both spindle poles of metaphase cells were taken. In 
single cells the angle between the spindle axis and a line connecting the center of the 
Ezrin cap to the center of the spindle was measured (Fig. 4B). In structures with 2 or 
more cells the angle between the spindle axis and a line connecting the center of the 
apical surface to the center of the spindle was measured (Fig. 5B). Axes were drawn and 
spindle angles measured using Zen software.   
 
Antibodies  
Primary antibodies for immunofluorescence (IF) and/or western blotting (WB) 
were from: Santa Cruz Biotechnology (NF2 sc332 1:100 for IF and 1:1000 for WB; 
aPKC sc-216 1:200 for IF; Cdk5 sc6247 1:1000 for WB; p35 sc820 1:1000 for WB), Cell 
Signaling Technology (ERM 3142 1:1000 for WB; phospho-ERM 3141 1:100 for IF; 
phospho-histone H3 9701 1:200 for IF), Zymed (α-catenin 7A4 1:1000 for WB), Sigma 
(Actin A3853 1:2000 for WB; FLAG M2 F1804 1:100 for IF and 1:1000 for WB; FLAG 
F7425 1:100 for IF and 1:1000 for WB), Epitomics (Mst4 2049-1 1:1000 for WB), 
Abcam (Pericentrin ab4448 1:1000 for IF), Bethyl Laboratories (Slk BL1917 1:500 for 
WB) and BD Transduction Laboratories (E-cadherin 610182 at 1:100 for IF). For IF the 
following secondary antibodies were used at 1:200: anti-rabbit or anti-mouse Alexa Fluor 
488 (Invitrogen); anti-rabbit or anti mouse Cy3 or Cy5 (Jackson ImmunoResearch). 
Filamentous actin was labelled with rhodamine phalloidin (Invitrogen) and nuclei with 
4’6’-diamidino-2-phenylindole (DAPI). 
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Western blotting 
Cells were lysed using RIPA lysis buffer (50 mM Tris [pH 7.4], 1% Triton X-100, 
1% SDS, 0.5% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM 
PMSF, 1 mM Na3VO4, 10 mM sodium fluoride, 10 mM β-glycerophosphate, 1 mg/ml 
aprotinin and 1 mg/ml leupeptin) followed by brief sonication. Cell debris was cleared by 
centrifugation (14,000 rpm, 10 min, 4°C) and lysates were quantitated by DC protein 
assay (Bio-Rad), separated by SDS-PAGE, transferred to PVDF. Membranes were 
blocked in 5% milk, incubated with primary antibody for 1hr at RT or overnight at 4°C in 
1% milk and then with anti-mouse or anti-rabbit horseradish peroxidase-conjugated 
secondary antibodies (1:5000; Amersham). 
 
Merlin	  cortical	  localization	  Caco2	  cells	  expressing	  short	  hairpins	  targeting	  α-­‐catenin	  (shα-­‐cat)	  or	  scrambled	  control	  (shSCR)	  were	  infected	  with	  hNF2wt	  and	  plated	  in	  3D	  culture	  for	  16	  hr	  at	  37°C	  and	  5%	  CO2.	  Cells	  were	  washed	  in	  1%	  Triton	  X-­‐100	  lysis	  buffer	  for	  10	  min,	  washed	  1X	  with	  PBS	  and	  fixed	  for	  20	  min	  in	  3.7%	  formaldehyde	  in	  CB.	  Cells	  were	  then	  stained	  for	  Merlin	  (NF2 sc332) and Ezrin then visualized using a Zeiss 
LSM510 laser scanning confocal microscope	  to	  assess	  Merlin	  localization	  to	  the	  cell	  cortex.	  
	  
Cloning	  and	  mutagenesis	  
C-terminal myc epitope tags on hNF2wt and hNF2myr (gifts from Helen Morrison, 
Leibniz Institute, Germany) were removed by PCR and an Apa1 restriction site was 
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added to the 3’ end of each construct for cloning into the pBob lentiviral vector using 
primers Fwd	  5’-­‐CGCTGTTTTGACCTCCATAGAAGACAC-­‐3’	  and	  Rev	  5’-­‐AAGAATATGGGCCCTAGAGCTCTTCAAAGAAGGCCACTCGGGAC-­‐3’.	  Aditionally,	  
two silent mutations (G51A	  and	  A54G) in hNF2wt and hNF2myr were introduced using the 
Quick Chante® Site-Directed Mutagenesis Kit (Stratagene) to render these constructs 
resistant to shNF2 by using the mutagenesis primers Fwd	  5’-­‐CAGCTCTCTCAAGAGGAAACAGCCCAAGACGTTCACCGTG-­‐3’	  and	  Rev	  5’-­‐CACGGTGAACGTCTTGGGCTGTTTCCTCTTGAGAGAGCTG-­‐3’.	  
	  
Centrosome	  clustering	  U2OS	  cells,	  like	  with	  Caco2	  and	  BT-­‐549	  cells	  (Figure	  6A,B),	  were	  infected	  with	  lentiviruses	  expressing	  scrambled	  control	  (shSCR)	  or	  NF2-­‐targeting	  (shNF2)	  short	  hairpins.	  Cells were then transferred to fresh medium containing 7µg/ml 
puromycin for 48 hr and plated on glass coverslips for 16 hr before fixing in	  3.7%	  formaldehyde	  in	  CB.	  	  Cells	  were	  stained	  for	  α-­‐tubulin	  (green),	  Centrin-­‐2	  (red)	  and	  DNA	  (blue).	  Mitotic	  cells	  were	  scored	  for	  normal	  vs.	  supernumerary	  centrosomes,	  clustered	  vs.	  unclustered	  centrosomes	  and	  bipolar	  vs.	  multipolar	  spindles	  using	  a 
Zeiss LSM510 laser scanning confocal microscope. U2OS cells (a gift from Cyril Benes, 
MGH, Boston) were cultured in RPMI/5% FBS. 
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Statistics 
Throughout, data from at least three independent experiments were pooled and 
expressed as mean ± SEM. Values were compared by 2-tailed Student’s t-test, with 
statistical significance of *p<0.05 or **p<0.01 indicated. 
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Abstract	  	   Merlin	  and	  the	  ERM	  proteins	  build,	  organize	  and	  regulate	  specialized	  membrane	  domains	  to	  control	  cellular	  activity	  during	  tissue	  development	  and	  homeostasis.	  Several	  lines	  of	  evidence,	  including	  similar	  modes	  of	  regulation,	  co-­‐expression	  in	  most	  cell	  types,	  multiple	  common	  binding	  partners	  and	  the	  ability	  to	  physically	  interact	  suggest	  a	  functional	  relationship	  between	  Merlin	  and	  the	  ERM	  proteins.	  	  Additionally,	  my	  in	  vitro	  results	  (Chapter	  2)	  demonstrate	  a	  cooperative	  effect	  upon	  concomitant	  loss	  of	  both	  Merlin	  and	  ERM	  function,	  which	  may	  reflect	  their	  complementary	  roles	  in	  membrane	  organization.	  	  	  	  Defining	  the	  relationship	  between	  Merlin	  and	  the	  ERMs	  will	  be	  critical	  for	  appreciating	  their	  respective	  roles	  in	  membrane	  organization	  and	  tumorigenesis.	  	  To	  determine	  whether	  Merlin	  and	  the	  ERM	  proteins	  cooperate	  to	  control	  tissue	  organization	  and	  proliferation	  in	  vivo,	  I	  compared	  the	  phenotypic	  consequence	  of	  deleting	  Ezrin	  or	  Nf2	  alone	  to	  compound	  deletion	  of	  both	  Ezrin	  and	  Nf2	  in	  the	  mouse	  intestinal	  epithelium	  using	  a	  tamoxifen	  inducible	  system.	  	  Ezrin	  is	  the	  sole	  ERM	  protein	  expressed	  in	  the	  mouse	  intestinal	  epithelium,	  eliminating	  potential	  compensation	  by	  Radixin	  and	  Moesin;	  this	  is	  therefore	  the	  only	  context	  where	  the	  interaction	  between	  Merlin	  and	  the	  ERMs	  can	  be	  studied	  in	  vivo	  via	  the	  genetic	  manipulation	  of	  only	  two	  genes.	  	  I	  have	  identified	  multiple	  defects	  that	  are	  unique	  to	  compound	  Nf2;Ezr	  deficient	  tissue	  compared	  to	  either	  single	  mutant,	  illustrating	  strong	  genetic	  interaction.	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Introduction	  
	   Three-­‐dimensional	  (3D)	  cell	  culture	  models	  aid	  to	  span	  the	  gap	  between	  two-­‐dimensional	  in	  vitro	  cell	  cultures	  and	  in	  vivo	  animal	  models.	  	  By	  emulating	  features	  of	  the	  in	  vivo	  setting	  and	  exploiting	  the	  same	  tools	  used	  to	  study	  cells	  in	  traditional	  cell	  culture,	  3D	  models	  provide	  unique	  perspectives	  on	  stem	  cell	  behavior,	  developing	  tissues	  and	  organs,	  and	  tumors.	  	  These	  models	  have	  already	  provided	  key	  insight	  into	  understanding	  how	  cortical	  organization	  impacts	  epithelial	  morphogenesis.	  	  However,	  3D	  culture	  models	  do	  not	  perfectly	  reflect	  in	  vivo	  biology	  and	  fall	  short	  in	  a	  number	  of	  ways.	  	  For	  example,	  the	  3D	  CaCo2	  model	  that	  we	  describe	  in	  Chapter	  2	  does	  not	  mimic	  the	  highly	  organized	  crypt/villus	  structure	  where	  proliferation	  is	  restricted	  to	  the	  crypts	  that	  harbor	  the	  stem	  cells	  (Barker	  et	  al.	  2007;	  Sato	  et	  al.	  2009).	  	  Furthermore,	  there	  are	  a	  number	  of	  differentiated	  cell	  types	  including	  enterocytes,	  goblet	  cells,	  enteroendocrine	  cells	  and	  paneth	  cells	  whose	  abundance	  and	  localization	  is	  highly	  regulated	  throughout	  the	  intestine.	  Finally,	  3D	  cultures	  are	  in	  many	  cases	  not	  able	  to	  account	  for	  complex	  in	  vivo	  interactions	  including	  vascularization,	  host	  immune	  responses	  and	  exposure	  to	  nutrients	  and	  the	  normal	  gut	  flora.	  Therefore,	  it	  is	  important	  to	  also	  experimentally	  delineate	  the	  functional	  relationship	  between	  Merlin	  and	  Ezrin	  in	  vivo.	  	  Defining	  the	  relationship	  between	  Merlin	  and	  the	  ERM	  proteins	  in	  mammals	  has	  been	  hampered	  in	  part	  because	  redundancy	  among	  the	  ERMs	  could	  conceal	  a	  role	  for	  these	  proteins	  in	  tumor	  development.	  	  Importantly,	  Ezrin	  is	  the	  only	  ERM	  protein	  expressed	  in	  the	  mouse	  intestinal	  epithelium	  making	  this	  a	  valuable	  setting	  for	  studying	  the	  genetic	  interaction	  between	  Merlin	  and	  the	  ERMs	  without	  the	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caveat	  of	  redundancy.	  Work	  from	  our	  lab	  has	  demonstrated	  that	  Ezrin	  is	  essential	  for	  epithelial	  organization	  and	  villus	  morphogenesis	  in	  the	  developing	  mouse	  intestine	  (Saotome	  et	  al.	  2004).	  Here,	  Ezrin	  is	  not	  required	  for	  formation	  of	  brush	  border	  microvilli	  or	  for	  the	  establishment	  of	  epithelial	  polarity.	  	  Instead,	  Ezrin	  organizes	  the	  terminal	  web,	  which	  is	  critical	  for	  formation	  and	  expansion	  of	  de	  novo	  lumens	  as	  the	  stratified	  embryonic	  intestinal	  epithelium	  transforms	  into	  a	  polarized	  columnar	  epithelial	  monolayer	  surrounding	  each	  villus.	  Indeed,	  Ezrin	  deficiency	  results	  in	  incomplete	  villus	  morphogenesis	  (villus	  fusion)	  and	  neonatal	  death.	  Consistent	  with	  Ezrin’s	  ability	  to	  associate	  with	  and	  control	  the	  distribution	  of	  various	  membrane	  proteins	  Ezrin	  also	  seems	  to	  be	  required	  for	  the	  localization	  and/or	  function	  of	  certain	  apical	  membrane	  proteins	  that	  support	  intestinal	  function	  (Saotome	  et	  al.,	  2004).	  Surprisingly,	  deletion	  of	  Ezrin	  after	  villus	  morphogenesis	  has	  taken	  place	  yields	  the	  same	  villus	  fusion	  phenotype,	  revealing	  a	  previously	  unrecognized	  role	  for	  Ezrin	  in	  intestinal	  homeostasis	  (Casaletto	  et	  al.	  2011).	  Individual	  studies	  of	  the	  ERMs	  have	  demonstrated	  an	  array	  of	  functions	  including	  control	  of	  membrane	  receptors,	  stabilization	  of	  the	  membrane:cytoskeleton	  interface	  and	  regulation	  of	  the	  small	  GTPase	  Rho.	  Casaletto	  et	  al	  showed	  that	  Ezrin	  carries	  out	  all	  of	  these	  functions	  in	  the	  same	  tissue	  in	  vivo	  supporting	  the	  hypothesis	  that	  ERMs	  can	  simultaneously	  coordinate	  multiple	  cellular	  activities.	  Indeed,	  in	  vivo	  studies	  of	  ERMs	  in	  other	  organisms	  confirm	  this.	  Similar	  to	  what	  we	  observed	  in	  mice,	  loss	  of	  the	  sole	  ERM	  ortholog,	  Moesin,	  in	  D.	  melanogaster	  leads	  to	  defective	  apical	  morphogenesis,	  increased	  Rho1	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activation,	  and	  loss	  of	  epithelial	  integrity/morphology	  (Speck	  et	  al.	  2003).	  	  Here,	  F-­‐actin	  accumulates	  in	  ectopic	  sites	  within	  Moesin	  deficient	  cells	  of	  the	  wing	  imaginal	  epithelium	  and	  many	  of	  these	  cells	  lose	  polarity	  and	  extrude	  basally	  from	  the	  epithelial	  monolayer.	  	  Ultrastructural	  analysis	  by	  EM	  demonstrates	  that	  large	  abnormal	  protrusions	  replace	  the	  microvillar	  projections	  seen	  in	  wild-­‐type	  cells.	  	  Additionally,	  loss	  of	  the	  single	  ERM	  ortholog	  (ERM-­‐1)	  in	  C.	  elegans	  yields	  similar	  defects	  in	  apical	  integrity	  throughout	  the	  developing	  intestinal	  epithelium	  (Gobel	  et	  al.	  2004;	  Van	  Furden	  et	  al.	  2004).	  	  Intestinal	  lumen	  morphogenesis	  in	  C.	  elegans	  is	  thought	  to	  be	  accompanied	  by	  the	  migration	  of	  adherens	  junction	  components	  from	  the	  apical	  to	  apicolateral	  position	  yielding	  a	  free	  apical	  surface	  (Bossinger	  et	  al.	  2001).	  One	  group	  suggests	  that	  this	  process	  is	  incomplete	  in	  the	  absence	  of	  ERM-­‐1	  yielding	  intestinal	  obstructions	  caused	  by	  aberrant	  points	  of	  adhesion	  along	  the	  gut	  lumen	  (Van	  Furden	  et	  al.	  2004).	  	  Another	  group	  suggests	  that	  these	  obstructions	  result	  from	  twisting	  of	  the	  intestinal	  segments	  that	  arise	  later	  during	  the	  repositioning	  of	  cells	  around	  the	  already	  formed	  lumen	  (Gobel	  et	  al.	  2004).	  	  Either	  way,	  these	  studies	  support	  that	  ERM-­‐1	  function	  is	  critical	  at	  the	  apical:junctional	  interface	  during	  lumen	  morphogenesis	  in	  vivo.	  	  	  	   Like	  the	  ERMs,	  Merlin	  organizes	  membrane	  complexes	  and	  associates	  with	  the	  cytoskeleton.	  	  However,	  overproliferation	  is	  often	  a	  consequence	  of	  Merlin	  deficiency	  and	  in	  vivo	  studies	  have	  begun	  to	  provide	  clues	  as	  to	  why	  this	  might	  be.	  	  Like	  the	  ERM	  proteins,	  Merlin’s	  effect	  on	  proliferation	  is	  likely	  a	  reflection	  of	  its	  fundamental	  ability	  to	  organize	  membrane	  complexes.	  	  Indeed,	  mouse	  models	  have	  highlighted	  a	  role	  for	  Merlin	  in	  establishing	  adherens	  junctions,	  spindle	  orientation,	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tumorigenesis	  and	  metastasis	  (McClatchey	  et	  al.	  1998;	  Morris	  and	  McClatchey	  2009;	  Benhamouche	  et	  al.	  2010;	  Gladden	  et	  al.	  2010).	  	  Nf2	  null	  embryos	  fail	  at	  gastrulation	  but	  the	  study	  of	  either	  mosaic	  Nf2	  -­‐/-­‐:WT	  embryos	  or	  targeted	  deletion	  of	  Nf2	  in	  specific	  tissues,	  reveals	  broad	  roles	  for	  Merlin	  in	  many	  developing	  tissues.	  	  For	  example,	  early	  studies	  revealed	  roles	  for	  Merlin	  in	  the	  developing	  neural	  tube	  (McLaughlin	  et	  al.	  2007).	  Targeted	  deletion	  of	  Nf2	  in	  the	  basal	  layer	  of	  the	  mouse	  skin	  leads	  to	  mitotic	  spindle	  orientation	  defects	  where	  tight	  control	  of	  symmetric	  and	  asymmetric	  cell	  division	  is	  completely	  lost	  (Gladden	  et	  al.	  2010).	  In	  multicellular	  organisms	  aberrant	  spindle	  orientation	  can	  cause	  defective	  tissue	  architecture	  and	  stem	  cell	  gain/loss,	  which	  is	  known	  to	  contribute	  to	  tumorigenesis	  (Morin	  and	  Bellaiche	  2011).	  	  Indeed,	  targeted	  Nf2	  deficiency	  in	  the	  mouse	  liver	  leads	  to	  an	  expansion	  of	  progenitor	  cells	  and	  tumorigenesis	  (Benhamouche	  et	  al.	  2010).	  	  Additionally,	  targeted	  Nf2	  deficiency	  in	  the	  proximal	  convoluted	  epithelium	  of	  the	  kidney	  yields	  multifocal	  tumor	  development	  featuring	  lumen-­‐filling	  neoplasia	  that	  progress	  to	  invasive	  carcinoma	  (Morris	  and	  McClatchey	  2009).	  	  Independent	  in	  vivo	  models	  of	  Merlin	  and	  ERM	  function	  suggest	  that	  they	  function	  similarly	  by	  organizing	  the	  cell	  cortex	  while	  distinct	  phenotypic	  consequences	  suggest	  unique	  functions.	   	  	  	   To	  complement	  our	  studies	  of	  3D	  organotypic	  cyst	  formation	  by	  intestinal	  epithelial	  cells,	  we	  sought	  to	  examine	  the	  functional	  relationship	  between	  Merlin	  and	  Ezrin	  in	  the	  intestinal	  epithelium	  in	  vivo.	  	  The	  consequences	  of	  loss	  of	  Nf2	  in	  the	  mouse	  intestinal	  epithelium	  have	  not	  been	  examined.	  Surprisingly,	  we	  found	  that	  conditional	  deletion	  of	  Nf2	  in	  the	  mouse	  intestinal	  epithelium	  leads	  to	  no	  obvious	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proliferative	  or	  morphological	  defect	  unless	  the	  epithelium	  is	  compromised	  by	  chemical	  damage.	  	  Moreover,	  we	  demonstrate	  a	  strong	  genetic	  interaction	  between	  
Nf2	  and	  Ezrin	  in	  this	  tissue	  and	  observe	  defects	  in	  proliferation	  and	  tissue	  architecture	  that	  are	  not	  observed	  in	  either	  single	  mutant.	  	  Notably,	  in	  contrast	  to	  the	  deletion	  of	  either	  Nf2	  or	  Ezrin	  alone,	  deletion	  of	  both	  Nf2	  and	  Ezrin	  lead	  to	  severe	  wasting	  and	  death.	  	  This	  Chapter	  presents	  an	  examination	  of	  this	  phenotype	  in	  the	  context	  of	  the	  studies	  of	  Merlin/ERM	  function	  that	  we	  uncovered	  in	  3D	  organotypic	  cultures	  in	  Chapter	  2.	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Results	  
	  
Inducible	  deletion	  of	  Nf2	  and/or	  Ezr	  in	  the	  mouse	  intestinal	  epithelium	  To	  examine	  the	  functional	  relationship	  between	  Merlin	  and	  Ezrin	  in	  vivo	  we	  set	  up	  crosses	  (Figure	  3.1)	  to	  generate	  mice	  in	  which	  Nf2	  or	  Ezr	  or	  both	  Nf2	  and	  
Ezrin	  can	  be	  inducibly	  deleted	  in	  the	  mouse	  intestinal	  epithelium	  upon	  tamoxifen	  treatment.	  	  Comparing	  single	  Nf2	  and	  Ezr	  deficient	  tissue	  to	  compound	  Nf2;	  Ezr	  deficient	  tissue	  will	  allow	  us	  to	  define	  their	  functional	  relationship	  in	  vivo.	  	  In	  short,	  
Ezlox/lox;Vil-­‐Cre-­‐ERT2	  mice	  (Vil-­‐Cre-­‐ERT2	  mice	  kindly	  provided	  by	  Silvie	  Robine,	  Curie	  Institute)	  (Casaletto	  et	  al.	  2011)	  were	  crossed	  with	  Nf2lox/lox	  mice	  (Giovannini	  et	  al.	  2000)	  to	  generate	  Nf2lox/+;Ezlox/+;Vil-­‐Cre-­‐ERT2	  mice.	  	  The	  progeny	  were	  then	  inter-­‐crossed	  to	  generate	  control	  (Nf2lox/+;Ezlox/+;Vil-­‐Cre-­‐ERT2),	  or	  mice	  in	  which	  conditional	  deletion	  of	  Nf2	  (Nf2lox/lox;Ezlox/+;Vil-­‐Cre-­‐ERT2),	  Ezr	  (Nf2lox/+;Ezlox/lox;Vil-­‐Cre-­‐
ERT2)	  or	  both	  (Nf2lox/lox;Ezlox/lox;Vil-­‐Cre-­‐ERT2)	  in	  the	  mouse	  intestinal	  epithelium	  can	  be	  achieved.	  	  Notably,	  this	  is	  the	  only	  known	  setting	  where	  Ezrin	  is	  the	  sole	  expressed	  ERM	  protein	  and	  therefore	  the	  only	  setting	  where	  we	  can	  examine	  the	  relationship	  between	  Merlin	  and	  the	  ERMs	  without	  the	  possibility	  of	  compensation	  by	  other	  ERM	  proteins.	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Figure	  3.1	  Schematic	  of	  breeding	  strategy	  for	  generation	  of	  tamoxifen	  inducible	  mice.	  Using	  this	  strategy	  we	  are	  able	  to	  generate	  mice	  to	  induce	  single	  Nf2,	  Ezrin	  and	  double	  Nf2;Ezrin	  deficiency	  in	  the	  mouse	  intestinal	  epithelium	  upon	  tamoxifen	  treatment.	  	  	  	  	  
Nf2	  is	  required	  for	  tissue	  remodeling	  and	  Ezrin	  distribution	  in	  the	  mouse	  
intestinal	  epithelium	  
	   To	  establish	  the	  basis	  of	  comparison	  to	  our	  compound	  tamoxifen	  induced	  
Nf2;Ezr	  mutant	  (which	  will	  be	  referred	  to	  herein	  as	  Nf2;EzrDKO),	  we	  examined	  the	  consequences	  of	  Nf2	  deletion	  alone	  in	  the	  mouse	  intestinal	  epithelium.	  Our	  lab	  has	  previously	  demonstrated	  that	  tissue-­‐specific	  loss	  of	  Nf2	  leads	  to	  an	  expansion	  of	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progenitor	  cells	  in	  the	  mouse	  liver	  (Benhamouche	  et	  al.	  2010)	  and	  to	  the	  development	  of	  multifocal	  tumors	  that	  exhibit	  ectopic	  Ezrin	  localization	  in	  the	  mouse	  kidney	  (Morris	  and	  McClatchey	  2009).	  	  Additionally,	  targeted	  deletion	  of	  Nf2	  in	  the	  mouse	  skin	  yields	  defects	  in	  tissue	  architecture,	  barrier	  function	  and	  basal	  cell	  polarity	  (Gladden	  et	  al.	  2010).	  	  In	  the	  following	  studies,	  we	  deleted	  Nf2	  in	  the	  mature	  intestinal	  epithelium	  -­‐	  an	  already	  established,	  fully	  polarized	  and	  differentiated	  epithelial	  structure	  -­‐	  and	  therefore	  might	  not	  observe	  proliferative	  defects	  upon	  Nf2	  deletion.	  Indeed,	  six	  week	  old	  tamoxifen	  treated	  Nf2lox/lox;Vil-­‐Cre-­‐ERT2	  mice	  demonstrated	  no	  obvious	  morphological	  or	  proliferative	  defects	  after	  two	  (Figure	  3.2)	  or	  twelve	  weeks	  (provided	  by	  Zachary	  S.	  Morris;	  not	  shown)	  as	  evidenced	  by	  H&E	  staining	  and	  quantitation	  of	  BrdU-­‐positive	  nuclei	  per	  crypt	  compared	  to	  control	  (tamoxifen	  treated	  Nf2lox/lox)	  mice.	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	   105	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Figure	  3.2	  (Continued	  on	  next	  page)	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Figure	  3.2	  (Continued).	  Loss	  of	  Nf2	  alone	  does	  not	  yield	  morphological	  or	  proliferative	  defects	  in	  the	  intestinal	  epithelium.	  Two	  week	  old	  Nf2lox/lox	  or	  
Nf2lox/lox;Villin-­‐Cre-­‐ERT2	  were	  treated	  with	  tamoxifen	  and	  sacrificed	  30	  days	  post	  treatment.	  	  BrdU	  staining	  of	  wild	  type	  (A)	  or	  Nf2	  deficient	  (B)	  intestinal	  epithelial	  sections	  reveals	  comparable	  rates	  of	  proliferation,	  quantified	  in	  (C),	  and	  normal	  crypt/villus	  morphology	  when	  Nf2	  is	  deleted	  in	  the	  epithelium.	  (D)	  Western	  blot	  of	  intestinal	  epithelial	  lysates	  confirming	  the	  absence	  of	  Merlin.	  	  	  	   The	  localization	  of	  junctional	  markers	  (α-­‐catenin	  and	  E-­‐cadherin)	  and	  apical	  markers	  (crumbs-­‐3,	  aPKC	  and	  NHE-­‐RF1)	  were	  also	  unaffected	  in	  the	  Nf2	  deficient	  mouse	  intestinal	  epithelium	  (not	  shown).	  Additionally,	  we	  did	  not	  observe	  activation	  of	  EGFR,	  its	  preferred	  dimerization	  partner	  ErbB2	  or	  their	  downstream	  effectors	  Akt,	  MAPK,	  or	  STAT3	  by	  Western	  blot	  using	  phospho-­‐specific	  antibodies	  (not	  shown)	  which	  is	  observed	  upon	  tissue	  specific	  deletion	  of	  Nf2	  in	  mouse	  renal	  adenomas	  (Morris	  and	  McClatchey	  2009).	  	  
In	  vitro	  and	  in	  vivo	  studies	  from	  our	  lab	  demonstrate	  that	  Merlin	  is	  critical	  for	  epidermal	  development	  through	  the	  establishment	  of	  a	  junctional	  polarity	  complex	  in	  the	  mouse	  skin	  (Gladden	  et	  al.	  2010).	  	  As	  mentioned,	  the	  mouse	  intestinal	  and	  colonic	  epithelium	  is	  already	  fully	  polarized	  and	  differentiated	  prior	  to	  tamoxifen-­‐induced	  deletion,	  which	  may	  preclude	  the	  manifestation	  of	  an	  Nf2	  deficient	  phenotype.	  	  To	  address	  whether	  Nf2	  is	  required	  for	  the	  proper	  establishment	  of	  cellular	  and	  tissue	  architecture,	  we	  chemically-­‐induced	  damage	  to	  the	  colonic	  epithelium	  by	  treatment	  with	  DSS	  and	  asked	  whether	  Merlin	  is	  required	  for	  the	  re-­‐establishment	  of	  the	  epithelial	  monolayer.	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Based	  on	  the	  role	  of	  Merlin	  in	  restricting	  the	  distribution	  of	  Ezrin	  in	  single	  CaCo2	  cells	  (Figure	  2.5),	  in	  adherens	  junction	  maturation	  (Lallemand	  et	  al.	  2003),	  and	  in	  orienting	  the	  mitotic	  spindle	  (Gladden	  et	  al.	  2010),	  we	  hypothesized	  that	  the	  
Nf2	  deficient	  epithelium	  would	  fail	  to	  properly	  remodel	  compared	  to	  control.	  	  In	  support	  of	  this,	  we	  found	  that	  induced	  Nf2lox/lox;Vil-­‐CreERT2	  mice	  are	  more	  sensitive	  to	  DSS	  treatment	  and	  lose	  weight	  more	  quickly	  than	  control	  (Figure	  3.3G).	  	  Following	  6	  days	  of	  DSS	  treatment	  both	  the	  wild-­‐type	  and	  Nf2-­‐deficient	  colonic	  epithelia	  are	  visibly	  damaged.	  	  However,	  by	  day	  10	  (4	  days	  after	  DSS	  withdrawal)	  the	  wild-­‐type	  tissue	  re-­‐forms	  a	  normal	  monolayer,	  while	  the	  Nf2-­‐deficient	  tissue	  fails	  to	  properly	  reorganize	  (Figure	  3.3A-­‐F).	  Notably,	  in	  strong	  agreement	  with	  what	  we	  observe	  in	  single	  CaCo2	  cells	  described	  in	  Chapter	  2,	  Ezrin	  is	  ectopically	  localized	  in	  intestinal	  epithelial	  cells	  2	  days	  after	  DSS	  withdrawal	  and	  fails	  to	  reposition	  even	  after	  4	  days	  post	  DSS	  treatment	  in	  Nf2	  deficient	  tissue	  (Figure	  3.4).	  	  The	  areas	  of	  tissue	  that	  exhibit	  ectopic	  Ezrin	  distribution,	  can	  be	  mono-­‐	  or	  multi-­‐layered,	  suggesting	  that	  the	  failure	  to	  restrict	  cortical	  Ezrin	  may	  eventually	  lead	  to	  multi-­‐layering	  (see	  below).	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Figure	  3.3	  The	  Nf2	  deficient	  mouse	  colonic	  epithelium	  fails	  to	  properly	  organize	  following	  DSS	  induced	  chemical	  damage.	  (A)	  The	  colonic	  epithelium	  of	  control	  mice	  prior	  to	  DSS	  treatment	  is	  morphologically	  normal.	  (B)	  Following	  5	  days	  of	  DSS	  treatment	  the	  colonic	  epithelium	  of	  control	  and	  Nf2	  deficient	  tissue	  are	  visibly	  damaged	  on	  day	  6.	  	  (C-­‐F)	  By	  day	  8	  and	  10	  the	  colonic	  epithelium	  of	  control	  mice	  recovers	  and	  appears	  morphologically	  normal	  while	  the	  Nf2	  deficient	  tissue	  fails	  to	  properly	  reorganize	  and	  recover.	  	  (G)	  Notably,	  all	  mice	  lose	  weight	  following	  DSS	  treatment,	  however,	  mice	  deficient	  for	  Nf2	  in	  the	  intestinal	  and	  colonic	  epithelium	  are	  more	  sensitive	  as	  they	  lose	  weight	  more	  quickly.	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Figure	  3.4	  The	  Nf2	  deficient	  mouse	  colonic	  epithelium	  fails	  to	  properly	  position	  Ezrin	  following	  DSS	  induced	  chemical	  damage.	  (A)	  The	  colonic	  epithelium	  of	  control	  mice	  position	  Ezrin	  normally	  at	  the	  apical	  surface	  2	  days	  following	  DSS	  withdrawal	  (8	  days	  following	  DSS	  treatment).	  (B)	  Nf2	  deficient	  tissue	  fails	  to	  organize	  properly	  2	  days	  following	  DSS	  withdrawal	  and	  Ezrin	  is	  disorganized	  in	  these	  cells.	  (C)	  By	  day	  10,	  Nf2	  deficient	  tissue	  still	  fails	  to	  properly	  localize	  Ezrin	  and	  parts	  of	  the	  epithelium	  display	  multilayering.	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Strong	  cooperativity	  upon	  compound	  deletion	  of	  Nf2	  and	  Ezr	  in	  the	  mouse	  
intestinal	  epithelium	  Our	  studies	  of	  Merlin	  and	  ERM	  deficiency	  using	  CaCo2	  cells	  in	  3D	  culture	  highlight	  both	  distinct	  and	  overlapping	  functions.	  Here,	  Merlin	  is	  required	  for	  restricting	  the	  cortical	  distribution	  of	  Ezrin,	  which	  is	  critical	  for	  orienting	  the	  interphase	  centrosome	  and	  mitotic	  spindle	  (Chapter	  2).	  	  Conversely,	  upon	  loss	  of	  ERM	  function,	  cysts	  are	  unable	  to	  form	  lumens	  and	  exhibit	  aberrant	  localization	  of	  polarity	  proteins,	  centrosomes	  and	  spindles	  (Figure	  2.7).	  	  Notably,	  loss	  of	  both	  Merlin	  and	  ERM	  function	  in	  these	  cells	  yields	  a	  catastrophic	  inability	  to	  form	  structures	  at	  all,	  indicating	  a	  functional	  overlap	  (Figure	  2.11).	  	   	  To	  date,	  a	  functional	  interaction	  between	  Merlin	  and	  the	  ERMs	  has	  not	  been	  defined	  in	  an	  in	  vivo	  setting.	  	  We	  found	  that	  upon	  tamoxifen	  induction,	  Nf2;EzDKO	  mice	  quickly	  lost	  weight	  (Figure	  3.5A)	  and	  were	  visibly	  sick	  within	  four	  days	  following	  the	  start	  of	  tamoxifen	  treatment	  compared	  to	  control	  or	  single	  mutant	  mice.	  	  Notably,	  these	  mice	  had	  severe	  diarrhea	  and	  blood	  in	  the	  stool,	  indicating	  a	  severe	  functional	  barrier	  defect,	  which	  led	  to	  death	  between	  4	  and	  9	  days	  following	  tamoxifen	  induction	  (Figure	  3.5B).	  	  The	  requirement	  for	  both	  Merlin	  and	  Ezrin	  in	  the	  intestinal	  epithelium	  indicates	  a	  functional	  overlap,	  which	  is	  in	  agreement	  with	  our	  in	  vitro	  data	  (Figure	  2.11).	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Figure	  3.5	  Targeted	  deletion	  of	  both	  Nf2	  and	  Ezrin	  in	  the	  mouse	  intestinal	  epithelium	  leads	  to	  severe	  wasting	  and	  death.	  (A)	  Plot	  of	  mouse	  weight	  over	  time	  following	  tamoxifen	  induction	  at	  time	  =	  0.	  	  Notably,	  compound	  Nf2;Ezr	  mutant	  mice	  lose	  weight	  quickly	  compared	  to	  control	  or	  single	  Nf2	  or	  Ezrin	  deficiency	  in	  the	  mouse	  intestinal	  epithelium.	  	  (B)	  Survival	  curve	  of	  Nf2lox/lox;Ezlox/lox;Vil-­‐Cre-­‐ERT2	  following	  tamoxifen	  induction	  at	  day	  =	  0.	  
	  
	   Junctional	  remodeling	  (Lallemand	  et	  al.	  2003;	  Saotome	  et	  al.	  2004;	  Gladden	  et	  al.	  2010;	  Casaletto	  et	  al.	  2011)	  is	  one	  point	  where	  Merlin	  and	  ERM	  function	  could	  intersect	  and	  in	  a	  dynamic	  tissue,	  such	  as	  the	  intestinal	  epithelium,	  we	  might	  expect	  severe	  morphological	  defects	  that	  could,	  in	  turn	  affect	  tightly	  regulated	  processes	  such	  as	  proliferation	  and	  apoptosis.	  Since	  most	  tamoxifen	  induced	  Nf2;EzDKO	  mice	  do	  not	  survive	  past	  day	  7	  following	  tamoxifen	  induction	  we	  sacrificed	  mice	  on	  day	  6	  to	  observe	  gross	  tissue	  architecture	  by	  H&E	  staining	  and	  quantified	  proliferation	  by	  BrdU	  staining.	  	  Nf2;EzDKO	  mice	  exhibit	  severe	  tissue	  architecture	  defects	  not	  seen	  in	  either	  single	  mutant	  or	  control	  mice	  (Figure	  3.6A,D;	  not	  shown).	  	  Most	  prominently,	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instead	  of	  a	  single	  monolayer,	  the	  Nf2;EzDKO	  intestinal	  epithelium	  becomes	  multi-­‐layered.	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  
Figure	  3.6	  (Continued	  on	  next	  page)	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Figure	  3.6	  (Continued).	  Loss	  of	  both	  Nf2	  and	  Ezrin	  in	  the	  mouse	  intestinal	  epithelium	  leads	  to	  an	  expansion	  of	  the	  proliferative	  compartment.	  (A-­‐C)	  Vehicle-­‐treated	  Nf2lox/lox;Ezlox/lox;Villin-­‐Cre-­‐ERT2	  mouse	  intestinal	  epithelia	  exhibit	  normal	  crypt/villus	  morphology	  as	  indicated	  by	  H&E	  staining	  (A)	  and	  express	  Ezrin	  protein	  
(B).	  	  BrdU	  positive	  nuclei	  are	  restricted	  to	  the	  proliferative	  compartment	  in	  the	  crypt	  (C,	  bracket).	  	  (D-­‐F)	  When	  the	  mice	  are	  treated	  with	  tamoxifen	  to	  delete	  Nf2	  and	  Ezrin,	  Ezrin	  is	  not	  detected	  in	  the	  epithelium,	  as	  expected	  (E),	  and	  crypt/villus	  architecture	  is	  compromised	  (D).	  	  BrdU	  staining	  reveals	  that	  the	  proliferative	  compartment	  in	  the	  Nf2;EzDKO	  intestinal	  epithelium	  is	  expanded	  (F,	  bracket).	  (G)	  Quantification	  of	  BrdU	  positive	  nuclei	  per	  crypt-­‐villus	  unit	  in	  five	  sections	  of	  the	  small	  intestine	  (F2-­‐duodenum,	  F3-­‐jejunum,	  F4-­‐proximal	  ileum,	  F5-­‐distal	  ileum)	  confirms	  an	  overall	  increase	  in	  the	  number	  of	  proliferating	  cells	  following	  concomitant	  loss	  of	  Merlin	  and	  Ezrin.	  	  (H)	  Western	  blot	  of	  intestinal	  epithelial	  lysates	  demonstrates	  that	  both	  Merlin	  and	  Ezrin	  are	  lost	  following	  tamoxifen	  treatment.	  	   	  We	  also	  observed	  that	  the	  proliferative	  zone	  in	  the	  crypt	  was	  expanded	  (Figure	  3.6C,F)	  and	  the	  overall	  number	  of	  BrdU	  positive	  cells	  per	  crypt	  increased	  more	  than	  two	  fold	  across	  the	  entire	  length	  of	  the	  intestine	  (Figure	  3.6G).	  	  While	  the	  increase	  in	  proliferation	  in	  Nf2;EzDKO	  tissue	  is	  almost	  entirely	  due	  to	  an	  expansion	  of	  the	  proliferative	  compartment,	  we	  also	  noted	  rare	  cells	  within	  the	  villus	  that	  stain	  positive	  for	  BrdU	  (not	  shown).	  	  Notably	  we	  observe	  similar	  defects	  in	  tissue	  architecture	  and	  proliferation	  in	  the	  Nf2;EzDKO	  colonic	  epithelium	  (Figure	  3.7)	  indicating	  that	  although	  Merlin	  and	  Ezrin	  have	  unique	  functions	  they	  demonstrate	  strong	  cooperativity	  in	  organizing	  tissue	  structure,	  and	  regulating	  proliferation.	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Figure	  3.7	  (Continued	  on	  next	  page)	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Figure	  3.7	  (Continued).	  Loss	  of	  both	  Nf2	  and	  Ezrin	  in	  the	  colonic	  epithelium	  leads	  to	  disorganization	  of	  epithelial	  architecture	  and	  an	  increase	  in	  proliferation.	  (A,C,E)	  Wild-­‐type	  mouse	  colonic	  epithelia	  from	  vehicle	  treated	  Nf2lox/lox;Ezlox/lox;Villin-­‐Cre-­‐
ERT2	  mice	  displays	  normal	  morphology	  (A)	  by	  H&E	  staining,	  Ezrin	  localization	  (C)	  by	  IHC	  and	  proliferation	  (E)	  by	  BrdU	  incorporation.	  	  After	  tamoxifen	  treatment	  
(B,D,F)	  Ezrin	  is	  no	  longer	  detected	  by	  IHC	  (D)	  the	  colonic	  epithelium	  loses	  monolayer	  architecture	  (B)	  and	  there	  is	  an	  increase	  in	  the	  number	  of	  BrdU	  positive	  nuclei	  per	  crypt.	  Panel	  (G)	  confirms	  an	  increase	  in	  proliferation	  in	  the	  absence	  of	  Merlin	  and	  Ezrin.	  	  	   In	  Chapter	  2	  we	  showed	  that	  loss	  of	  both	  Merlin	  and	  ERM	  function	  together	  leads	  to	  a	  catastrophic	  inability	  to	  organize	  the	  cell	  cortex	  and	  cell	  death,	  even	  in	  the	  presence	  of	  a	  strong	  ECM	  cue.	  	  To	  test	  whether	  Nf2	  and	  Ezr	  are	  required	  for	  cell	  survival	  we	  monitored	  apoptotisis	  in	  Nf2;EzDKO	  tissue	  by	  staining	  for	  cleaved-­‐caspase	  3	  (Figure	  3.8).	  	  Indeed,	  we	  observe	  a	  dramatic	  increase	  in	  apoptotic	  cells	  within	  the	  multilayered	  areas	  that	  either	  retain	  or	  lose	  attachment	  to	  the	  ECM	  indicating	  that	  apoptosis	  is	  not	  simply	  the	  result	  of	  ECM	  detachment	  (anoikis).	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Figure	  3.8	  Concomitant	  loss	  of	  Nf2	  and	  Ezrin	  leads	  to	  an	  increase	  of	  apoptosis	  in	  the	  intestine.	  (A-­‐C)	  Eight-­‐week-­‐old	  Nf2lox/+;Ezlox/+;Villin-­‐Cre-­‐ERT2	  and	  
Nf2lox/lox;Ezlox/lox;Villin-­‐Cre-­‐ERT2	  mice	  were	  treated	  with	  tamoxifen	  and	  sacrificed	  8	  days	  post	  treatment.	  	  (A,B)	  	  Cleaved-­‐caspase	  3	  staining	  of	  intestinal	  epithelial	  sections	  demonstrates	  a	  low	  frequency	  of	  apoptotic	  cleaved-­‐caspase	  3	  positive	  cells	  in	  wild-­‐type	  tissue	  (A)	  and	  an	  increase	  of	  apoptosis	  in	  double	  Nf2;Ezrin	  deficient	  	  tissue	  (B).	  	  Quantification	  of	  cleaved-­‐caspase	  3	  positive	  cells	  per	  villus	  indicates	  an	  almost	  15	  fold	  increase	  of	  apoptosis	  in	  the	  intestinal	  epithelium	  following	  loss	  of	  Nf2	  
and	  Ezrin	  (C).	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Deletion	  of	  Nf2	  and	  Ezr	  yields	  cell	  autonomous	  defects	  in	  epithelial	  integrity,	  
proliferation	  and	  apoptosis	  To	  distinguish	  cell	  autonomous	  from	  non-­‐cell	  autonomous	  defects	  we	  injected	  Nf2lox/lox;Ezlox/lox;Vil-­‐Cre-­‐ERT2	  mice	  with	  a	  low	  dose	  of	  tamoxifen	  and	  sacrificed	  the	  mice	  over	  varying	  periods	  of	  time	  such	  that	  we	  can	  compare	  wild-­‐type	  cells	  to	  compound	  mutant	  Nf2;Ezrin	  cells	  within	  a	  single	  villus	  in	  the	  mouse	  intestinal	  epithelium	  (Figure	  3.9A).	  	  Tissue	  samples	  were	  stained	  for	  Ezrin	  by	  immunohistochemistry	  to	  identify	  a	  tamoxifen	  injection	  protocol	  that	  yielded	  approximately	  50%	  wild	  type	  versus	  Nf2;Ezrin	  mutant	  mosaic	  tissue	  (Figure	  3.9B).	  	  We	  observed	  that	  within	  a	  single	  villus,	  wild-­‐type	  tissue	  (marked	  by	  the	  presence	  of	  Ezrin)	  remained	  a	  single	  monolayer	  while	  double	  Nf2;Ezrin	  deficient	  tissue	  (marked	  by	  the	  absence	  of	  Ezrin)	  was	  disorganized	  and	  multilayered	  indicating	  a	  cell	  autonomous	  effect	  on	  tissue	  organization/epithelial	  integrity.	  	  Notably,	  cells	  begin	  multilayering	  at	  the	  site	  of	  ectopic	  proliferation	  as	  cells	  migrate	  out	  of	  the	  crypt	  and	  up	  the	  villus.	  	  This	  is	  a	  critical	  transition	  point	  where	  some	  cells	  must	  remodel	  their	  junctions	  to	  segregate	  and	  ascend	  two	  different	  villi.	  This	  process	  is	  defective	  in	  
Ezrin	  deficient	  mice	  leading	  to	  the	  fusion	  of	  villi	  (Casaletto	  et	  al.	  2011).	  We	  know	  Merlin	  is	  also	  critical	  for	  remodeling	  adherens	  junctions	  and	  orienting	  the	  mitotic	  spindle	  (Lallemand	  et	  al.	  2003;	  Gladden	  et	  al.	  2010)	  (Chapter	  2).	  	  Perhaps	  Merlin	  cooperates	  with	  Ezrin	  at	  this	  transition	  to	  maintain	  stable	  adherens	  junctions	  leading	  to	  the	  formation	  of	  a	  multilayered	  epithelium	  when	  function	  of	  both	  Merlin	  and	  Ezrin	  is	  lost.	  	  In	  that	  regard,	  it	  will	  be	  important	  to	  determine	  whether	  defective	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spindle	  orientation	  might	  play	  a	  causative	  role	  in	  multilayering	  or	  may	  be	  a	  secondary	  effect	  of	  unstable	  adherens	  junctions.	  	  
Figure	  3.9	  (Continued	  on	  next	  page)	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Figure	  3.9	  (Continued).	  	  Generation	  of	  mice	  with	  mosaic	  loss	  of	  both	  Nf2	  and	  Ezrin	  in	  the	  mouse	  intestinal	  epithelium	  demonstrates	  cell	  autonomous	  phenotype.	  (A)	  Schematic	  of	  tamoxifen	  induction	  conditions	  used	  to	  generate	  mosaic	  deficiency	  of	  
Nf2;Ezrin	  in	  the	  intestinal	  epithelium.	  	  The	  tamoxifen	  injection	  protocol	  used	  for	  mouse	  5	  (boxed	  in	  red)	  generated	  mice	  with	  approximately	  50%	  mosaicism,	  as	  demonstrated	  by	  IHC	  detection	  of	  Ezrin	  in	  (B).	  	   	  Deletion	  of	  Nf2	  and	  Ezrin	  in	  the	  mouse	  intestinal	  epithelium	  leads	  to	  an	  expansion	  of	  the	  proliferative	  compartment,	  loss	  of	  epithelial	  integrity	  and	  multilayering	  of	  the	  epithelium.	  However,	  disruption	  of	  overall	  tissue	  architecture	  could	  lead	  to	  inflammation	  and	  secondary	  effects	  on	  proliferation.	  	  To	  determine	  whether	  ectopic	  proliferation	  in	  the	  Nf2;EzDKO	  intestine	  is	  cell	  autonomous,	  we	  compared	  adjacent	  wild-­‐type	  and	  Nf2;EzDKO	  crypts	  in	  mosaic	  animals	  (Figure	  3.10).	  	  By	  staining	  serial	  sections	  we	  demonstrate	  that	  Nf2;EzDKO	  tissue	  on	  one	  side	  of	  a	  single	  villus	  displays	  an	  expanded	  proliferative	  zone	  when	  directly	  compared	  to	  the	  wild	  type	  tissue	  on	  the	  opposing	  side	  of	  the	  villus	  (Figure	  3.10),	  indicating	  that	  the	  proliferative	  defect	  is	  cell	  autonomous.	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Figure	  3.10	  Cell	  autonomous	  increase	  in	  proliferation	  in	  double	  Nf2;Ezrin	  deficient	  tissue.	  (A-­‐F)	  Serial	  sections	  (Sec1	  and	  Sec2)	  of	  mosaic	  Nf2lox/lox;Ezrinlox/lox;Villin-­‐Cre-­‐
ERT2	  	  mice	  (Figure	  3.9).	  	  Adjacent	  sections	  were	  cut	  (Sec1	  &	  Sec2)	  and	  stained	  for	  either	  Ezrin	  (A-­‐C)	  or	  the	  marker	  of	  proliferation	  Ki67	  (D-­‐F).	  	  On	  the	  right	  side	  of	  the	  villus	  shown	  in	  (A),	  ezrin	  expression	  denotes	  wild-­‐type	  Nf2	  and	  Ezrin	  expressing	  tissue	  while	  on	  the	  left	  side	  ezrin	  is	  not	  detected	  indicating	  that	  Nf2	  and	  Ezrin	  are	  lost	  in	  this	  section	  of	  the	  villus.	  	  (B,E)	  Dapi	  staining	  reveals	  the	  disorganized	  epithelia	  on	  the	  left	  side	  of	  the	  villus	  where	  Nf2	  and	  Ezrin	  are	  lost.	  	  (D-­‐F)	  Ki67	  staining	  shows	  that	  the	  proliferative	  compartment	  in	  Nf2	  and	  Ezrin	  deficient	  tissue	  (red	  brackets	  D,F)	  becomes	  expanded	  compared	  to	  the	  adjacent	  wild-­‐type	  tissue	  (yellow	  brackets	  D,F).	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In	  agreement	  with	  our	  studies	  of	  CaCo2	  cells,	  which	  do	  not	  tolerate	  loss	  of	  both	  Merlin	  and	  ERM	  function,	  we	  observe	  a	  dramatic	  increase	  in	  apoptotic	  cells	  in	  
Nf2;EzDKO	  animals	  (Figure	  3.8).	  	  However,	  the	  presence	  of	  lymphocytes	  in	  Nf2;EzDKO	  mice	  by	  H&E	  staining	  (not	  shown)	  indicates	  a	  robust	  immune	  response,	  which	  could	  induce	  apoptosis	  non-­‐cell	  autonomously.	  	  To	  test	  this	  we	  assayed	  for	  apoptotic	  cells	  in	  the	  mosaic	  Nf2;EzDKO	  mice.	  	  In	  agreement	  with	  the	  3D	  CaCo2	  system	  (Chapter	  2),	  we	  found	  that	  apoptotic	  cells	  were	  restricted	  to	  patches	  of	  Nf2/Ezr	  deficient	  tissue,	  as	  indicated	  by	  the	  absence	  of	  Ezrin	  staining	  (Figure	  3.11),	  demonstrating	  a	  cell	  autonomous	  effect	  on	  apoptosis.	  	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	  3.11	  Concomitant	  loss	  of	  Nf2	  and	  Ezrin	  leads	  to	  a	  cell	  autonomous	  increase	  of	  apoptosis	  in	  the	  intestine	  (A-­‐D).	  	  Cross-­‐section	  of	  an	  individual	  villus	  exhibiting	  mosaic	  loss	  of	  Nf2	  and	  Ezrin.	  	  Tissue	  stained	  with	  (A)Ezrin,	  (B)	  Cleaved-­‐caspase	  3,	  and	  (C)	  DAPI.	  	  Ezrin	  staining	  (D)	  reveals	  patches	  of	  Ezrin	  deficient	  (presumably	  	  
Nf2-­‐/-­‐)	  tissue	  among	  wild	  type	  tissue.	  Cleaved-­‐caspase3	  staining	  demonstrates	  that	  only	  mutant	  tissue	  has	  increased	  levels	  of	  apoptosis,	  indicating	  that	  the	  apoptotic	  defect	  is	  cell	  autonomous.	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Compound	  Nf2:Ezr	  deletion	  yields	  polarity	  defects	  	  	   Many	  studies	  have	  demonstrated	  a	  role	  for	  Merlin	  and	  the	  ERM	  proteins	  in	  controlling	  polarity	  (Jankovics	  et	  al.	  2002;	  Miller	  2003;	  Speck	  et	  al.	  2003;	  Gladden	  et	  al.	  2010;	  Wiley	  et	  al.	  2010).	  Additionally,	  our	  studies	  described	  in	  Chapter	  2	  demonstrate	  that	  Merlin	  and	  the	  ERMs	  are	  critical	  for	  establishing	  cortical	  asymmetry.	  To	  test	  whether	  Merlin	  and	  Ezrin	  cooperate	  to	  maintain	  polarity	  we	  tested	  whether	  the	  localization	  of	  apical	  and	  basolateral	  cell	  markers	  were	  perturbed	  in	  Nf2;Ezrin	  deficient	  tissue	  using	  both	  mosaic	  and	  fully	  induced	  
Nf2;EzDKO	  tissue.	  We	  found	  that	  cells	  exposed	  to	  the	  lumen	  maintain	  localization	  of	  apical	  and	  basolateral	  markers	  including	  Crumbs-­‐3	  (Figure	  3.12A,B),	  aPKC	  (not	  shown),	  E-­‐cadherin	  (not	  shown)	  and	  β-­‐catenin	  (Figure	  3.12C,D).	  	  However,	  cells	  within	  multi-­‐layered	  areas	  that	  are	  not	  lumen-­‐exposed	  completely	  lose	  polarity	  (Figure	  3.12A-­‐D),	  reminiscent	  of	  what	  is	  observed	  in	  D.	  melanogaster	  upon	  deletion	  of	  the	  single	  ERM	  ortholog	  Moesin	  where	  cells	  within	  the	  developing	  wing	  epithelium	  extrude	  basally	  and	  lose	  polarity	  (Speck	  et	  al.	  2003).	  	  	  	   Our	  observation	  that	  Nf2;EzDKO	  cells	  opposing	  the	  lumen	  maintain	  apicobasal	  polarity	  indicates	  that	  Nf2	  and	  Ezrin	  are	  not	  absolutely	  required	  for	  polarity.	  However,	  our	  studies	  in	  CaCo2	  cells	  in	  3D	  demonstrate	  that	  Merlin	  and	  Ezrin	  are	  critical	  for	  proper	  centrosome	  and	  mitotic	  spindle	  orientation.	  We	  note	  that	  multilayering	  within	  the	  villus	  in	  Nf2;EzDKO	  mice	  occurs	  at	  the	  site	  of	  ectopic	  proliferation	  at	  the	  top	  of	  crypts	  (not	  shown),	  strongly	  suggesting	  that	  multilayering	  and	  subsequent	  loss	  of	  polarity	  are	  likely	  the	  result	  of	  misoriented	  mitotic	  spindles	  and	  failure	  to	  divide	  symmetrically.	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Figure	  3.12.	  Both	  Nf2	  and	  Ezrin	  together	  are	  not	  absolutely	  required	  for	  the	  maintenance	  of	  apical-­‐basal	  polarity.	  (A,B)	  	  IHC	  detection	  of	  the	  apical	  marker	  Crumbs3	  in	  wild-­‐type	  tissue	  (A)	  exhibits	  uniform	  apical	  localization.	  	  When	  Nf2	  and	  
Ezrin	  are	  deleted	  (B)	  apical	  localization	  of	  Crumbs3	  remains	  indicating	  that	  Nf2	  and	  
Ezrin	  are	  not	  required	  for	  the	  maintenance	  of	  polarity.	  	  Notably,	  however,	  Crumbs3	  staining	  is	  not	  uniform	  throughout	  the	  villus	  hinting	  at	  a	  subtle	  polarity	  defect	  when	  
Nf2	  and	  Ezrin	  are	  lost.	  (C,D)	  Adjacent	  sections	  of	  villi	  (Sec1	  &	  Sec2)	  from	  mice	  that	  are	  mosaic	  for	  loss	  of	  Nf2	  and	  Ezrin	  were	  stained	  for	  either	  Ezrin	  (D)	  or	  ß-­‐catenin	  
(C)	  to	  determine	  whether	  junctional	  localization	  of	  ß-­‐catenin	  is	  perturbed	  when	  Nf2	  
and	  Ezrin	  are	  lost.	  	  On	  the	  right	  side	  of	  the	  villus	  where	  Ezrin	  staining	  is	  absent	  cells	  pile	  up	  on	  top	  of	  each	  other	  while	  on	  the	  left	  side	  where	  Nf2	  and	  Ezrin	  are	  expressed	  cells	  remain	  in	  a	  monolayer.	  	  (C)	  ß-­‐catenin	  stains	  the	  lateral	  cell	  contacts	  in	  the	  wild-­‐type	  tissue	  on	  the	  left	  side	  of	  the	  villus.	  	  However,	  when	  Nf2	  and	  Ezrin	  are	  lost,	  as	  seen	  on	  the	  right	  side	  of	  the	  villus,	  the	  epithelial	  cells	  become	  stratified	  and	  lose	  polarity	  as	  indicated	  by	  ß-­‐catenin	  staining	  throughout	  the	  membrane.	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Compound	  deletion	  of	  Nf2:Ezr	  leads	  to	  an	  increase	  in	  total	  EGFR	  and	  activation	  
of	  downstream	  signaling	  	   Work	  from	  our	  lab	  has	  demonstrated	  that	  Merlin-­‐deficient	  cells	  in	  culture	  bypass	  contact	  dependent	  inhibition	  of	  proliferation,	  which	  can	  be	  restored	  upon	  expression	  of	  exogenous	  Merlin	  (Lallemand	  et	  al.	  2003).	  	  Our	  follow	  up	  studies	  suggest	  that	  Merlin	  coordinates	  the	  establishment	  of	  stable	  adherens	  junctions	  (AJs)	  with	  inhibition	  of	  EGFR	  internalization	  and	  mitogenic	  signaling	  providing	  a	  molecular	  explanation	  for	  contact	  inhibition	  of	  cell	  proliferation	  (Curto	  et	  al.	  2007;	  Cole	  et	  al.	  2008).	  	  We	  have	  demonstrated	  that	  in	  the	  intact	  intestinal	  epithelium	  loss	  of	  Nf2	  or	  Ezrin	  alone	  does	  not	  lead	  to	  a	  defect	  in	  proliferation	  (Figure	  3.2)(Saotome	  et	  al.	  2004).	  	  However,	  we	  do	  observe	  an	  expansion	  of	  the	  proliferative	  compartment	  and	  loss	  of	  polarity	  upon	  deletion	  of	  Nf2	  and	  Ezrin	  together	  (Figures	  3.4C,F,G	  and	  3.12	  ).	  While	  no	  evidence	  has	  implicated	  Ezrin	  in	  regulating	  EGFR	  or	  mitogenic	  signaling,	  there	  is	  abundant	  evidence	  that	  both	  Merlin	  and	  the	  ERMs	  control	  receptor	  distribution	  within	  cells	  (Saotome	  et	  al.	  2004;	  Lamprecht	  and	  Seidler	  2006;	  Maitra	  et	  al.	  2006;	  Curto	  et	  al.	  2007).	  	  Indeed,	  EGFR	  is	  basolaterally	  restricted	  in	  the	  rat	  intestine	  (Scheving	  et	  al.	  1989).	  	  Therefore,	  we	  might	  expect	  that	  the	  failure	  to	  properly	  distribute	  EGFR	  at	  the	  membrane	  could	  affect	  receptor	  levels	  and/or	  activation.	  	  	  Indeed,	  we	  observe	  a	  marked	  increase	  in	  the	  levels	  of	  total	  EGFR	  in	  mouse	  intestinal	  epithelial	  tissue	  following	  loss	  of	  both	  Merlin	  and	  Ezrin	  but	  not	  in	  either	  single	  mutant	  suggesting	  that	  Merlin	  and	  Ezrin	  could	  cooperate	  to	  control	  EGFR	  distribution	  within	  the	  cell	  (Figure	  3.13).	  This	  would	  be	  consistent	  with	  our	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observation	  that	  many	  cells	  within	  the	  multilayered	  epithelium	  ubiquitously	  localize	  basolateral	  markers,	  and	  likely	  EGFR,	  all	  around	  the	  cell	  membrane.	  Notably,	  the	  increase	  in	  total	  EGFR	  is	  associated	  with	  activation	  of	  its	  downstream	  effectors	  (Figure	  3.13,	  not	  shown).	  	  These	  data	  suggest	  that	  defects	  in	  mitogenic	  signaling	  upon	  deletion	  of	  Nf2	  and	  Ezrin	  are	  the	  result	  of	  defective	  membrane	  and	  tissue	  organization	  rather	  than	  direct	  control	  of	  receptor	  activation,	  which	  has	  been	  suggested	  for	  Merlin	  (Curto	  et	  al.	  2007).	  	  
	  
	  
Figure	  3.13	  Western	  Blots	  of	  mouse	  intestinal	  epithelial	  cell	  lysates.	  	  (A)	  Conditional	  Nf2lox/+;	  Ezlox/+;	  Villin-­‐Cre-­‐ERT2	  (WT,1-­‐2),	  Nf2+/+;	  Ezlox/lox;	  Villin-­‐CreERT2	  (Ez-­‐/-­‐,	  3-­‐4),	  Nf2lox/lox;	  Ez+/+;	  Villin-­‐Cre-­‐ERT2	  (Nf2-­‐/-­‐,	  5-­‐6)	  and	  Nf2lox/lox;	  Ezlox/lox;	  Villin-­‐
Cre-­‐ERT2	  (DM,	  7-­‐8)	  mutant	  mice	  were	  induced	  with	  2µg	  of	  tamoxifen	  each	  day	  for	  5	  days	  and	  sacrificed	  10	  days	  following	  the	  first	  injection.	  	  DM	  mice	  7	  and	  8	  were	  sacrificed	  on	  day	  6	  and	  6.5	  respectively	  as	  they	  became	  too	  sick	  to	  continue.	  	  Epithelial	  cell	  lysates	  were	  probed	  with	  anti	  Merlin	  and	  Ezrin	  antibodies	  to	  confirm	  the	  loss	  of	  protein	  and	  epidermal	  growth	  factor	  receptor	  (EGFR).	  	  (B)	  Conditional	  
Nf2lox/lox;	  Ezlox/lox;	  Villin-­‐Cre-­‐ERT2	  mice	  were	  induced	  with	  2µg	  of	  tamoxifen	  each	  day.	  	  One	  mouse	  was	  sacrificed	  each	  day	  for	  5	  days	  (D0-­‐5)	  to	  determine	  when	  Merlin	  and	  Ezrin	  protein	  were	  absent	  and	  when	  EGFR	  levels	  increased.	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Table	  3.1	  	  List	  of	  intestinal	  defects	  observed	  in	  single	  Nf2	  or	  Ezrin	  mutant	  and	  
Nf2;Ezrin	  double	  mutant.	  Defects	  shaded	  in	  gray	  are	  unique	  to	  the	  Nf2;Ezrin	  double	  mutant.	  	  	  	  	  	  	  	  	  	  	  	  	  
	  
Table	  3.2	  	  List	  of	  physiological	  defects	  observed	  in	  single	  Nf2	  or	  Ezrin	  mutant	  and	  Nf2;Ezrin	  double	  mutant.	  	  Defects	  shaded	  in	  gray	  are	  unique	  to	  the	  Nf2;Ezrin	  double	  mutant.	  	  The	  green	  (marginal)	  indicates	  that	  the	  defect	  is	  subtle.	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Discussion	  
	  	   Our	  studies	  using	  CaCo2	  cells	  in	  Chapter	  2	  have	  demonstrated	  severe	  morphological	  defects	  upon	  loss	  of	  either	  Merlin	  or	  ERM	  function	  as	  single	  cells	  develop	  into	  cyst	  structures	  in	  3D	  culture.	  	  However,	  deletion	  of	  Nf2	  in	  the	  highly	  dynamic	  yet	  fully	  polarized,	  intestinal	  epithelial	  monolayer	  yields	  no	  obvious	  proliferative	  or	  morphological	  defects	  (Figure	  3.2).	  	  Deletion	  of	  Ezrin	  in	  this	  setting	  leads	  to	  defective	  apical	  morphogenesis	  and	  villus	  fusion,	  but	  the	  intestinal	  epithelial	  cells	  retain	  polarity	  and	  form	  a	  monolayer	  without	  ectopic	  proliferation	  (Casaletto	  et	  al.	  2011).	  The	  ability	  of	  either	  single	  mutant	  to	  form	  a	  polarized	  monolayer	  is	  likely	  due	  to	  the	  strong	  positional	  cues	  (apicobasal	  polarity,	  cell:cell	  and	  cell:ECM	  contacts)	  that	  already	  exist	  when	  Nf2	  or	  Ezrin	  are	  deleted	  in	  this	  tissue.	  	  In	  support	  of	  this,	  chemical	  damage	  of	  the	  Nf2	  deficient	  mouse	  intestinal	  epithelium	  yields	  defects	  in	  cortical	  and	  tissue	  organization	  that	  feature	  the	  improper	  localization	  of	  Ezrin	  and	  multilayering	  of	  the	  epithelium	  (Figure	  3.4)	  	   Co-­‐deletion	  of	  Nf2	  and	  Ezrin	  in	  the	  adult	  mouse	  intestinal	  epithelium	  yields	  severe	  morphological	  and	  proliferative	  defects	  identifying	  a	  strong	  functional	  interaction	  between	  Merlin	  and	  Ezrin	  for	  the	  first	  time	  in	  vivo.	  Since	  these	  phenotypes	  manifest	  without	  chemically	  disrupting	  the	  existing	  epithelial	  architecture,	  loss	  of	  both	  Nf2	  and	  Ezrin	  together	  may	  render	  these	  cells	  unable	  to	  sense	  or	  respond	  to	  the	  existing	  positional	  cues.	  	  While	  studies	  have	  suggested	  that	  Merlin	  and	  the	  ERMs	  have	  similar,	  distinct,	  or	  antagonistic	  functions	  our	  results	  indicate	  that	  they	  have	  both	  unique	  and	  overlapping	  functions.	  	  In	  support	  of	  this	  the	  Nf2	  and	  Ezrin	  deficient	  phenotypes	  are	  not	  identical	  and	  loss	  of	  both	  Nf2	  and	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Ezrin	  together	  yield	  phenotypes	  that	  are	  not	  observed	  in	  either	  single	  mutant	  (Tables	  3.1,	  3.2),	  indicating	  they	  can	  compensate	  for	  one	  another	  for	  certain	  functions.	  So,	  what	  might	  be	  the	  basis	  for	  their	  functional	  overlap?	  	   Individual	  studies	  have	  demonstrated	  that	  both	  Merlin	  and	  the	  ERMs	  have	  critical	  roles	  in	  establishing	  and	  remodeling	  cell:cell	  junctions	  (Lallemand	  et	  al.	  2003;	  Speck	  et	  al.	  2003;	  Saotome	  et	  al.	  2004;	  Gladden	  et	  al.	  2010;	  Casaletto	  et	  al.	  2011).	  	  In	  the	  mouse	  intestinal	  epithelium,	  each	  crypt	  contributes	  to	  several	  of	  the	  surrounding	  villi.	  	  Therefore,	  as	  cells	  continuously	  migrate	  out	  of	  the	  crypt	  to	  repopulate	  the	  villi	  they	  must	  segregate	  and	  reform	  contacts	  with	  other	  cells.	  	  Studies	  from	  Casaletto	  et	  al.	  support	  the	  notion	  that	  in	  the	  Ezrin	  deficient	  intestinal	  epithelium,	  adjacent	  cells	  are	  unable	  to	  segregate	  and	  instead	  remain	  in	  contact	  as	  they	  emerge	  from	  an	  individual	  crypt	  and	  ascend	  two	  different	  villi,	  resulting	  in	  villus	  fusion.	  	  It	  is	  interesting	  to	  note	  that	  in	  Nf2;EzrDKO	  tissue	  multilayering,	  apoptosis,	  and	  expansion	  of	  the	  proliferative	  compartment	  occur	  approximately	  at	  this	  location.	  and	  crypt	  architecture	  is	  itself	  perturbed.	  	  This	  suggests	  that	  Merlin	  and	  Ezrin	  function	  may	  be	  critical	  for	  and	  cooperate	  to	  remodel	  cell	  junctions	  at	  the	  dynamic	  crypt-­‐villus	  junction.	  	  Recent	  studies	  in	  D.	  melanogaster	  have	  provided	  insight	  into	  the	  dynamic	  control	  of	  cell	  junctions	  in	  the	  context	  of	  epithelial	  remodeling	  that	  may	  explain	  how	  Merlin	  and	  Ezrin	  could	  cooperate	  to	  remodel	  junctions	  (Cavey	  et	  al.	  2008).	  In	  the	  D.	  
melanogaster	  embryo	  Cavey	  et	  al.	  found	  that	  E-­‐cadherin	  complexes	  partition	  into	  hyper-­‐stable	  microdomains	  that	  represent	  adhesive	  foci.	  	  They	  show	  that	  the	  stability	  and	  mobility	  of	  these	  microdomains	  depend	  on	  two	  actin	  populations:	  1)	  
	   129	  
small,	  stable	  actin	  patches	  that	  concentrate	  at	  homophilic	  E-­‐cadherin	  clusters	  and	  2)	  a	  rapidly	  turning	  over,	  contractile	  network	  that	  constrains	  their	  lateral	  movement	  by	  an	  α-­‐catenin	  dependent	  tethering	  mechanism.	  Considering	  that	  Merlin	  and	  Ezrin	  can	  directly	  bind	  α-­‐catenin	  (Gladden	  et	  al.	  2010)	  and	  actin	  (Turunen	  et	  al.	  1994;	  Reczek	  and	  Bretscher	  1998)	  respectively,	  it	  is	  interesting	  to	  speculate	  that	  Merlin	  and	  Ezrin	  could	  control	  distinct	  pools	  of	  actin	  to	  cooperatively	  stabilize	  and	  localize	  E-­‐cadherin	  complexes	  at	  cell:cell	  contacts	  to	  remodel	  junctions.	  	   We	  have	  shown	  that	  Merlin	  deficient	  CaCo2	  cells	  fail	  to	  properly	  position	  Ezrin,	  which	  leads	  to	  aberrant	  mitotic	  spindle	  orientation	  (Chapter	  2).	  Therefore,	  in	  
Nf2;EzrDKO	  mice,	  defective	  spindle	  orientation	  could	  contribute	  to	  the	  epithelial	  mutilayering	  that	  occurs	  as	  cells	  migrate	  out	  of	  the	  crypt	  and	  ectopic	  proliferation	  occurs	  (Figure	  3.6).	  	  To	  this	  end	  it	  will	  be	  important	  to	  assess	  whether	  orientation	  of	  the	  mitotic	  spindle	  is	  perturbed	  in	  the	  Nf2;EzrDKO	  intestine.	  	  Notably,	  our	  CaCo2	  studies	  support	  the	  notion	  that	  ectopically	  localized	  Ezrin,	  which	  occurs	  in	  the	  absence	  of	  Merlin	  function,	  actively	  mislocalizes	  centrosomes	  to	  perturb	  mitotic	  spindle	  orientation.	  	  However,	  Nf2;EzrDKO	  mice	  do	  not	  express	  Ezrin	  and	  therefore	  cannot	  actively	  mislocalize	  centrosomes	  in	  this	  situation.	  	  If	  we	  find	  that	  misoriented	  mitotic	  spindles	  do	  play	  a	  role	  in	  epithelial	  mulatilayering	  it	  may	  be	  that	  Nf2;EzrDKO	  cells	  fail	  to	  sense	  or	  generate	  cortical forces at the lateral adherens 
junctions which can dominate over other cues to direct division orientation (Lu	  et	  al.	  2001;	  Yamashita	  et	  al.	  2010).	  	   Our	  data	  suggest	  for	  the	  first	  time	  that	  Merlin	  and	  Ezrin	  may	  also	  cooperate	  to	  control	  mitogenic	  receptor	  abundance	  and	  signaling	  (Figure	  3.12).	  	  Previous	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work	  from	  our	  lab	  has	  demonstrated	  that	  Merlin	  NHE-­‐RF1	  dependent	  manner	  (Curto	  et	  al.	  2007).	  	  Notably,	  Merlin	  seems	  to	  regulate	  EGFR	  signaling	  rather	  than	  total	  levels.	  	  While	  Ezrin	  has	  not	  previously	  been	  implicated	  in	  controlling	  EGFR	  signaling,	  there	  is	  abundant	  evidence	  that	  both	  Merlin	  and	  the	  ERMs	  control	  receptor	  distribution	  within	  cells	  (Saotome	  et	  al.	  2004;	  Lamprecht	  and	  Seidler	  2006;	  Maitra	  et	  al.	  2006;	  Curto	  et	  al.	  2007).	  	  In	  our	  studies	  we	  note	  that	  many	  Nf2;EzrDKO	  cells	  lose	  polarity	  upon	  multilayering	  of	  the	  intestinal	  epithelium	  indicating	  that	  proper	  EGFR	  receptor	  distribution	  is	  likely	  perturbed.	  	  Therefore,	  the	  failure	  to	  properly	  distribute	  EGFR	  at	  the	  membrane	  could	  affect	  receptor	  levels	  and/or	  activation.	  	  Since	  Merlin	  can	  also	  control	  EGFR	  internalization	  and	  signaling	  in	  non-­‐polarized	  cells,	  this	  cooperativity	  may	  not	  simply	  reflect	  the	  apical	  mislocalization	  of	  EGFR	  and	  exposure	  to	  apically	  provided	  ligands;	  instead	  this	  cooperativity	  could	  reflect	  a	  more	  fundamental	  (and	  complex)	  relationship	  between	  receptor	  trafficking	  and	  polarity	  establishment.	  Indeed,	  the	  intestinal	  epithelium	  may	  prove	  to	  be	  a	  valuable	  setting	  in	  which	  to	  study	  this.	  	   Studies	  in	  D.	  melanogaster	  provide	  evidence	  that	  the	  sole	  ERM	  ortholog	  Moesin	  and	  Merlin	  functionally	  interact	  through	  competition	  for	  Slik	  kinase	  activity,	  (Hughes	  and	  Fehon	  2006)	  although	  previous	  studies	  have	  shown	  that	  Merlin	  and	  the	  ERMs	  physically	  interact	  (Gonzalez-­‐Agosti	  et	  al.	  1999;	  Gronholm	  et	  al.	  1999;	  Meng	  et	  al.	  2000).	  If	  Merlin	  and	  Ezrin	  were	  functionally	  interacting	  by	  simply	  competing	  for	  kinase	  activity	  of	  the	  mammalian	  homolog	  of	  Slik	  (SLK)	  then	  we	  would	  expect	  to	  see	  an	  increase	  in	  Ezrin	  phosphorylation	  in	  Nf2	  deficient	  tissue,	  which	  we	  do	  not	  observe	  by	  Western	  blot	  of	  total	  epithelial	  cell	  lysates	  (not	  shown).	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Alternatively,	  competition	  for	  SLK	  activity	  might	  occur	  within	  a	  specific	  compartment	  within	  the	  intestinal	  epithelium,	  such	  as	  the	  crypts	  where	  proliferation	  takes	  place,	  and	  elevated	  levels	  of	  ERM	  phosphorylation	  within	  the	  villus	  may	  mask	  changes	  in	  Ezrin	  phosphorylation	  upon	  deletion	  of	  Nf2.	  Therefore,	  we	  will	  address	  potential	  coordinate	  regulation	  of	  Merlin	  and	  Ezrin	  by	  the	  Ste20-­‐like	  kinase	  SLK	  in	  the	  following	  chapter	  (Chapter	  4).	  	   Here	  we	  have	  been	  able	  to	  demonstrate	  a	  clear	  functional	  relationship	  between	  Nf2	  and	  Ezrin	  in	  vivo.	  The	  complexity	  of	  our	  phenotype	  makes	  it	  difficult	  to	  determine	  the	  precise	  molecular	  basis	  of	  their	  functional	  interaction.	  	  However,	  our	  data	  provide	  important	  clues	  to	  guide	  future	  molecular	  studies.	  	  Defects	  in	  epithelial	  integrity	  suggest	  that	  they	  cooperate	  to	  remodel	  cell:cell	  junctions.	  	  Additionally,	  Merlin	  and	  Ezrin	  cooperativity	  could	  lie	  in	  competition	  for	  SLK	  activity,	  EGFR	  turnover	  or	  a	  combination	  of	  them.	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Materials	  and	  Methods	  
	  
	  	  
Animals	  and	  Animal	  Procedures	  
	  
	   Tamoxifen	  inducible	  Ezlox/lox;Vil-­‐Cre-­‐ERT2	  mice	  (Casaletto	  et	  al.	  2011)	  were	  crossed	  with	  homozygous	  Nf2lox/lox	  provided	  by	  M.	  Giovaninni	  (Giovannini	  et	  al.	  2000)	  to	  produce	  Ezlox/+;	  Nf2lox/+;	  Vil-­‐Cre-­‐ERT2	  mice.	  	  These	  progeny	  were	  self-­‐crossed	  to	  generate	  inducible	  control	  (Ezlox/+;	  Nf2lox/+;	  Vil-­‐Cre-­‐ERT2),	  single	  Nf2	  deficient	  (Ezlox/+;	  Nf2lox/lox;	  Vil-­‐Cre-­‐ERT2),	  single	  Ezrin	  deficient	  (Ezlox/lox;	  Nf2lox/+;	  Vil-­‐
Cre-­‐ERT2)	  or	  double	  Ezrin;Nf2	  deficient	  (Ezlox/lox;	  Nf2lox/lox;	  Vil-­‐Cre-­‐ERT2)	  mouse	  intestinal	  epithelial	  tissue.	  	  Tamoxifen	  (MP	  Biomedicals)	  was	  solubilized	  (50	  mg/mL	  in	  ethanol)	  and	  diluted	  to	  10	  mg/mL	  in	  corn	  oil.	  Mice	  (12–18	  wk	  of	  age)	  were	  injected	  i.p.	  with	  200	  μL	  tamoxifen	  (2mg)	  or	  vehicle/day	  for	  5	  d	  and	  sacrificed	  4–5	  d	  after	  cessation	  of	  treatment	  unless	  otherwise	  specified.	  Animal	  procedures	  were	  performed	  according	  to	  federal	  and	  institutional	  guidelines	  and	  approved	  by	  the	  Massachusetts	  General	  Hospital	  Subcommittee	  on	  Research	  Animal	  Care.	  	  	  
DSS	  Induced	  Damage	  of	  the	  Colonic	  Epithelium	  
	   Nf2lox/lox;Villin-­‐Cre-­‐ERT2	  mice	  were	  treated	  with	  2mg	  tamoxifen	  or	  vehicle	  only	  for	  5	  days	  to	  generate	  mice	  with	  Nf2	  deficiency	  in	  the	  mouse	  intestinal/colonic	  epithelium	  and	  control	  mice.	  	  18	  days	  following	  tamoxifen	  or	  vehicle	  treatment	  mice	  were	  treated	  with	  2.5%	  dextran	  sulfate	  sodium	  (DSS)	  in	  the	  drinking	  water,	  ad	  libitum,	  for	  5	  days	  to	  induce	  damage	  to	  the	  colonic	  epithelium.	  Mice	  were	  sacrificed	  
	   133	  
at	  day	  0,	  6,	  8	  and	  10	  to	  confirm	  DSS	  induced	  damage	  and	  determine	  if	  and	  when	  the	  epithelial	  monolayer	  reorganized.	  
	  
Epithelial	  Cell	  Isolation	  	   Intestinal	  and	  Colonic	  tissue	  sections	  were	  cut	  lengthwise,	  rinsed	  with	  PBS	  and	  incubated	  in	  1.5	  ml	  cold	  chelating	  buffer	  (96mM	  NaCl,	  8mM	  KH2PO4,	  5.6mM	  Na2HPO4,	  1.5mM	  KCl	  and	  10mM	  EDTA	  pH	  6.8)	  for	  10	  minutes	  on	  ice.	  	  Tissues	  were	  agitated	  by	  gentle	  shaking	  and	  epithelial	  cells	  were	  spun	  at	  4,000	  RPM	  for	  2	  min	  and	  either	  lysed	  or	  snap	  frozen	  in	  liquid	  N2	  for	  future	  use.	  	  This	  procedure	  was	  repeated	  a	  second	  time	  for	  isolation	  of	  additional	  material.	  	  	  
Histochemistry,	  Immunohistochemistry	  and	  BrdU	  Labeling	  	  	   Dissected	  tissues	  were	  fixed	  in	  10%	  neutral	  buffered-­‐formalin,	  processed	  and	  paraffin-­‐embedded.	  	  Sections	  were	  stained	  with	  hematoxylin	  and	  eosin	  or	  subject	  to	  immunohistochemistry	  using	  the	  following	  antibodies:	  anti-­‐Ezrin	  (1:200;	  NeoMarkers	  #3C12),	  anti-­‐Crumbs3	  (1:200,	  a	  kind	  gift	  from	  Ben	  Margolis	  (Makarova	  et	  al.	  2003)),	  anti-­‐cleaved	  caspase-­‐3	  (1:200;	  Cell	  Signaling	  9661),	  anti-­‐lysozyme	  (1:500,	  DAKO),	  anti-­‐BrdU	  (1:200;	  Becton	  Dickinson),	  and	  anti-­‐ZO-­‐1	  (1:60,	  Zymed).	  	  Antigen	  retrieval	  was	  achieved	  by	  boiling	  in	  10mM	  citrate	  buffer	  (20min)	  for	  all	  antibodies	  except	  anti-­‐BrdU	  and	  anti-­‐ZO-­‐1,	  which	  utilized	  treatment	  with	  0.1%	  trypsin	  (20min,	  37°C)	  and	  2mg/ml	  protease	  (10min,	  37°C	  Sigma),	  respectively.	  	  HRP-­‐conjugated	  secondary	  antibodies	  were	  detected	  using	  the	  DAB	  peroxidase	  substrate	  kit	  (Vector	  Laboraties).	  For	  BrdU	  labeling,	  mice	  were	  injected	  with	  100	  μg	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of	  BrdU	  (Sigma)	  per	  gram	  of	  body	  weight	  and	  sacrificed	  after	  2	  h.	  Histochemical	  identification	  of	  goblet	  cells	  was	  performed	  by	  Alcian	  Blue.	  	  	  
Electron	  Microscopy	  	  	   Tissues	  were	  fixed	  in	  2.5%	  glutaraldehyde/2.5%	  paraformaldehyde	  in	  0.1	  M	  sodium	  cacodylate	  buffer	  (Electron	  Microscopy	  Sciences)	  and	  embedded	  in	  epoxy	  resin	  (Harvard	  University	  EM	  Core	  Facility).	  1μm	  sections	  were	  prepared	  and	  stained	  with	  toluidine	  blue.	  	  Representative	  areas	  were	  chosen,	  thin-­‐sectioned,	  stained	  with	  lead	  citrate	  (Susumu	  Ito)	  and	  examined	  on	  a	  Philips	  301	  electron	  microscope.	  	  Images	  were	  captured	  by	  an	  Advanced	  Microscopy	  Techniques	  imaging	  system.	  
	  
Immunofluorescence	  	  
	   Single	  or	  serial	  paraffin	  sections	  were	  processed	  the	  same	  as	  for	  immunohistochemistry	  (described	  above)	  and	  incubated	  overnight	  with	  the	  following	  primary	  antibodies:	  	  BD	  Biosciences	  (anti-­‐β-­‐catenin,	  1:500,	  #610154),	  Novocastra	  (anti-­‐Ki67,	  1:200),	  Cell	  Signaling	  (cleaved	  caspase-­‐3,	  1:500	  #9661),	  Abcam	  (anti-­‐EBP-­‐50/NHE-­‐RF,	  1:2000,	  #3452)	  and	  BD Transduction Laboratories (E-
cadherin 1:100, #610182). Cells were then rinsed 3X with PBST for 30 min, incubated 
with secondary antibodies, DAPI, and/or rhodamine-phalloidin for 1 hr and rinsed 3X 
with PBST. Labeled cells were visualized using a Nikon 90i fluorescence microscope or 
a Zeiss LSM510 laser scanning confocal microscope; images were processed using 
Elements (Nikon) or Zen (Zeiss) software.	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Western	  Blot	  Analysis	  
	  Tissue	  extracts	  were	  lysed using RIPA lysis buffer (50 mM Tris [pH 7.4], 1% Triton X-
100, 1% SDS, 0.5% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 
mM PMSF, 1 mM Na3VO4, 10 mM sodium fluoride, 10 mM β-glycerophosphate, 1 
mg/ml aprotinin and 1 mg/ml leupeptin) followed by brief sonication. Cell debris was 
cleared by centrifugation (14,000 rpm, 10 min, 4°C) and lysates were quantitated by DC 
protein assay (Bio-Rad), separated by SDS-PAGE (30-40µg) and transferred to PVDF. 
Membranes were blocked in 5% milk, probed with anti-Ezrin (1:1000, NeoMarkers 
#3C12), anti-Nf2 (1:1000, Santa Cruz sc332), anti-actin (1:2000, Sigma A3853), anti-
activated-beta-catenin (1:1000, Millapore 8E7) or from Cell Signaling (anti-pEGFR, 
#2235; EGFR, #03; pSTAT-3, #9145; STAT-3 #4904; pAkt, #4060; Akt, #4685; 
pMAPK #4370; MAPK #4696 all at 1:1000) for 1hr at RT or overnight at 4°C in 1% 
milk. Anti-mouse or anti-rabbit horseradish peroxidase-conjugated secondary antibodies 
(1:5000; Amersham) were detected by chemiluminesence.	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Abstract	  
	   Our	  studies	  of	  CaCo2	  cells	  in	  Chapter	  2	  highlight	  the	  dynamic	  and	  interdependent	  localization	  of	  Merlin	  and	  the	  ERMs	  across	  the	  cell	  cycle.	  Recent	  evidence	  in	  Drosophila	  suggests	  that	  Merlin	  and	  the	  ERM	  proteins	  may	  be	  coordinately	  regulated	  by	  the	  Ste20-­‐like	  kinase	  Slik	  (SLK	  in	  the	  mouse),	  suggesting	  a	  mechanism	  by	  which	  Merlin	  and	  ERM	  activities	  could	  be	  coordinated	  to	  organize	  the	  membrane.	  	  To	  date,	  it	  is	  not	  known	  whether	  Merlin	  and	  the	  ERMs	  are	  coordinately	  regulated	  in	  mammalian	  cells	  or	  whether	  mammalian	  SLK	  has	  any	  role	  in	  regulating	  their	  activity.	  	  Here,	  we	  show	  for	  the	  first	  time	  that	  SLK	  can	  induce	  phosphorylation	  of	  all	  three	  ERM	  proteins	  in	  mammalian	  cells;	  however,	  in	  the	  cells/conditions	  that	  we	  examined,	  SLK	  was	  sufficient	  but	  not	  necessary	  for	  ERM	  phosphorylation.	  	  It	  is	  less	  clear	  if	  or	  how	  SLK	  might	  control	  Merlin	  activity	  and	  the	  most	  important	  challenge	  will	  be	  to	  identify	  a	  context	  where	  SLK,	  or	  another	  kinase,	  might	  be	  required	  for	  coordinating	  Merlin	  and	  ERM	  activity.	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Introduction	  As	  dynamic	  organizers	  of	  the	  cell	  cortex,	  Merlin	  and	  the	  ERM	  proteins	  must	  be	  highly	  regulated.	  	  Numerous	  studies	  highlight	  phosphorylation	  as	  a	  critical	  modification	  for	  controlling	  Merlin	  and	  the	  ERM	  activity.	  In	  mammals,	  phosphorylation	  of	  the	  ERM	  proteins	  at	  the	  C-­‐terminus	  (EzT567,	  RadT564,	  MoeT558)	  weakens	  self-­‐association	  and	  leads	  to	  translocation	  to	  the	  membrane:cytoskeleton	  interface	  (Bretscher	  et	  al.	  2002;	  Fehon	  et	  al.	  2010).	  	  This	  phosphorylated,	  presumably	  open,	  conformation	  is	  often	  referred	  to	  as	  the	  ‘active’	  ERM	  form.	  Indeed,	  a	  number	  of	  kinases	  in	  vertebrate	  cells	  can	  phosphorylate	  the	  ERMs	  on	  this	  regulatory	  threonine,	  including	  Rho	  Kinase,	  PKCα,	  PKCΘ,	  NIK,	  Mst4	  and	  LOK	  (Matsui	  et	  al.	  1998;	  Simons	  et	  al.	  1998;	  Ng	  et	  al.	  2001;	  Belkina	  et	  al.	  2009;	  ten	  Klooster	  et	  al.	  2009).	  	  Phosphorylation	  of	  other	  sites	  can	  also	  contribute	  to	  ERM	  activation.	  For	  example,	  CDK5	  can	  phosphorylate	  Ezrin	  on	  threonine	  235,	  which	  lies	  on	  the	  interface	  between	  the	  FERM	  domain	  and	  C-­‐ERMAD	  interface	  directly	  apposed	  to	  T567	  (Pearson	  et	  al.	  2000;	  Yang	  and	  Hinds	  2003).	  	  Ezrin	  can	  also	  be	  phosphorylated	  on	  tyrosine	  residues	  145	  and	  353	  by	  various	  tyrosine	  kinases,	  including	  EGFR	  (Krieg	  and	  Hunter	  1992),	  but	  it	  is	  unclear	  how	  these	  modifications	  might	  tune	  Ezrin	  conformation	  or	  function.	  For	  Merlin,	  studies	  in	  mammalian	  cells	  indicate	  that	  the	  hypo-­‐phosphorylated	  version	  is	  active	  in	  terms	  of	  inhibiting	  proliferation	  (Sherman	  et	  al.	  1997;	  Shaw	  et	  al.	  1998;	  Gutmann	  et	  al.	  1999;	  Morrison	  et	  al.	  2001).	  	  In	  mammals,	  serine	  518	  of	  Merlin	  is	  phosphorylated	  downstream	  of	  Rac	  activity	  (Shaw	  et	  al.	  2001)	  by	  the	  p21-­‐activated	  kinase	  (PAK)	  (Kissil	  et	  al.	  2002;	  Xiao	  et	  al.	  2002).	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Although	  Merlin	  is	  phosphorylated	  on	  multiple	  residues,	  phosphorylation	  of	  S518	  causes	  a	  mobility	  shift	  and	  has	  therefore	  been	  the	  best	  studied.	  However,	  the	  C-­‐terminal	  threonine	  residue	  that	  is	  analogous	  to	  the	  major	  ERM	  regulatory	  residue	  (T567)	  is	  conserved	  in	  both	  mammalian	  and	  fly	  Merlin.	  	  Therefore,	  the	  consequences	  of	  phosphorylating	  this	  residue,	  which	  have	  not	  been	  examined,	  may	  be	  critical	  for	  Merlin’s	  function.	  	   It	  is	  clear	  that	  phosphorylation-­‐mediated	  regulation	  of	  Merlin	  and	  the	  ERMs	  is	  complex	  and	  studies	  in	  flies	  have	  helped	  us	  to	  better	  understand	  this	  process.	  Recent	  evidence	  indicates	  that	  D.	  melanogaster	  Slik	  can	  regulate	  both	  Merlin	  and	  the	  ERM	  proteins	  thereby	  potentially	  providing	  coordinate	  control	  (Hughes	  and	  Fehon	  2006).	  Slik	  is	  necessary	  for	  the	  C-­‐terminal	  phosphorylation	  of	  the	  sole	  ERM	  protein	  Moesin,	  although	  it	  is	  unclear	  whether	  Slik	  phosphorylates	  Moesin	  directly	  or	  via	  an	  intermediate	  kinase	  (Hipfner	  et	  al.	  2004).	  Phosphorylation	  of	  this	  residue	  in	  Merlin	  has	  not	  been	  directly	  shown;	  however,	  a	  recent	  study	  demonstrated	  that	  Slik	  controls	  the	  subcellular	  localization	  and	  overall	  phosphorylation	  of	  Merlin,	  suggesting	  that	  phosphorylation	  of	  this	  residue	  could	  be	  important	  in	  regulating	  Merlin	  activity	  (Hughes	  and	  Fehon	  2006).	  	  	  	   The	  discovery	  of	  coordinate	  regulation	  of	  Merlin	  and	  ERM	  activity	  is	  particularly	  interesting	  given	  our	  discovery	  that	  Merlin	  is	  necessary	  for	  positioning	  cortical	  Ezrin	  in	  single	  cells	  and	  3D	  organotypic	  cultures	  (Chapter	  2).	  	  Coordinated	  phosphorylation	  of	  Merlin	  and	  Ezrin	  by	  a	  single	  upstream	  kinase	  could	  explain	  their	  dynamic	  cortical	  localization	  and	  activity	  in	  mammalian	  cells.	  	  In	  this	  regard,	  the	  suggestion	  that	  Merlin	  and	  Moesin	  compete	  for	  Slik	  activity	  in	  the	  fly	  (Hughes	  and	  
 144	  
Fehon	  2006)	  suggests	  a	  mechanism	  by	  which	  Merlin	  and	  Ezrin	  could	  be	  dynamically	  controlled	  across	  the	  membrane.	  To	  date	  little	  is	  known	  about	  how	  Slik	  functions	  in	  flies	  or	  mammals	  (SLK).	  	  Studies	  indicate	  that	  Slik	  promotes	  cell	  proliferation	  and	  controls	  survival.	  However,	  it	  is	  unknown	  whether	  mammalian	  SLK	  can	  regulate	  Merlin	  and/or	  the	  ERM	  proteins.	  	  Determining	  whether	  a	  single	  protein	  can	  coordinate	  Merlin	  and	  ERM	  protein	  function	  in	  a	  mammalian	  system	  would	  be	  an	  important	  step	  for	  understanding	  their	  complex	  relationship	  and	  provide	  clues	  for	  understanding	  how	  dysregulation	  of	  these	  proteins	  contribute	  to	  cancer	  and	  tumor	  progression	  in	  humans.	  Therefore,	  we	  set	  out	  to	  determine	  whether	  SLK	  coordinately	  regulates	  Merlin	  and	  the	  ERM	  proteins	  in	  mammalian	  cells.	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Results	  	  
Cloning	  the	  Ste20-­‐like	  kinase	  SLK	  Murine	  SLK	  (SLK)	  was	  previously	  cloned	  by	  two	  separate	  laboratories	  that	  identified	  the	  two	  known	  isoforms	  of	  SLK	  (Pytowski	  et	  al.	  1998;	  Sabourin	  and	  Rudnicki	  1999).	  	  The	  long	  isoform	  (isoform	  1)	  is	  1233aa	  in	  length	  while	  the	  short	  isoform	  (isoform	  2)	  lacks	  a	  31aa	  stretch	  near	  the	  C-­‐terminus	  and	  is	  1202aa	  in	  length	  (Figure	  4.1A).	  	  We	  initially	  cloned	  SLK	  from	  an	  osteoblast	  cDNA	  pool	  (generated	  by	  Jennifer	  Gervais).	  	  Sequence	  analysis	  indicated	  that	  this	  clone	  represents	  a	  unique	  isoform	  (referred	  to	  here	  as	  isoform	  3),	  which	  is	  identical	  to	  isoform	  2	  with	  an	  additional	  stretch	  of	  24aa	  missing	  near	  the	  C-­‐terminus	  (Figure	  4.1A).	  However,	  we	  did	  not	  detect	  this	  expression	  of	  this	  isoform	  in	  any	  of	  our	  adult	  mouse	  tissues	  indicating	  it	  may	  be	  specific	  to	  osteoblasts	  (Figure	  4.1B)	  It	  has	  been	  reported	  that	  SLK	  is	  ubiquitously	  expressed	  during	  all	  stages	  of	  murine	  development	  and	  in	  all	  examined	  adult	  tissues.	  	  However,	  it	  is	  not	  clear	  whether	  the	  known	  isoforms	  of	  SLK	  display	  any	  tissue	  specificity	  or	  if	  any	  are	  predominantly	  expressed.	  	  To	  address	  this	  we	  designed	  primers	  flanking	  the	  region	  of	  SLK	  that	  encompass	  the	  alternative	  splice	  sites	  (Figure	  4.1A	  arrows).	  	  PCR	  analysis	  of	  tissue	  specific	  cDNA	  pools	  demonstrates	  that	  isoforms	  1	  and	  2	  were	  co-­‐expressed	  in	  many	  tissues	  and	  demonstrated	  some	  tissue	  specificity	  where	  isoform	  2	  was	  more	  predominant	  (Figure	  4.1B).	  	  In	  addition,	  the	  vast	  majority	  of	  the	  literature	  has	  focused	  on	  isoform	  2.	  	  Therefore,	  we	  cloned	  isoform	  2	  of	  SLK	  from	  our	  mouse	  ovary	  cDNA	  pool	  and	  used	  it	  for	  the	  following	  experiments.	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Figure	  4.1	  SLK	  isoforms	  and	  their	  tissue	  specific	  expression.	  	  (A)	  Schematic	  representation	  of	  SLK	  and	  homologous	  domains	  to	  other	  proteins	  (colored	  boxes	  and	  oval).	  The	  catalytic	  domain	  (red)	  is	  most	  similar	  to	  LOK	  and	  MST1/2,	  two	  Ste20-­‐related	  kinases.	  SLK	  is	  highly	  homologous	  to	  the	  microtubule	  and	  nuclear	  associated	  protein,	  M-­‐NAP	  (green)	  and	  to	  a	  protein	  of	  unknown	  function	  AT1-­‐46	  (blue	  oval)	  in	  the	  C-­‐terminus.	  The	  SLK	  caspase	  3	  consensus	  cleavage	  site	  (DTQD),	  and	  a	  putative	  SH3	  binding	  domain	  (PPEPE)	  are	  shown.	  Numbers	  above	  the	  different	  domains	  denote	  the	  amino	  acid	  residues	  representing	  the	  boundaries.	  	  White	  boxes	  in	  isoform	  2	  and	  3	  represent	  streatches	  of	  amino	  acids	  not	  present	  in	  the	  respective	  isoforms.	  	  Yellow	  arrows	  denote	  the	  location	  of	  primers	  designed	  to	  distinguish	  each	  isoform.	  	  (B)	  Detection	  of	  SLK	  isoforms	  form	  mouse	  specific	  cDNA	  pools.	  	  SLK	  isoform	  3	  was	  cloned	  from	  p53	  deficient	  osteoblasts	  and	  was	  not	  detected	  in	  any	  of	  our	  mouse	  tissues.	  	  Isoforms	  1	  and	  2	  display	  tissue	  specificity	  but	  are	  also	  co-­‐expressed	  in	  many	  tissue	  types.	  	  PCR	  products	  were	  run	  on	  a	  1.5%	  agarose	  gel	  and	  stained	  with	  ethidium	  bromide.	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SLK	  is	  sufficient	  but	  not	  necessary	  to	  induce	  ERM	  phosphorylation	  	   It	  has	  been	  shown	  in	  D.	  melanogaster	  that	  Slik	  (the	  fly	  homolog	  of	  SLK)	  associates	  with	  and	  induces	  phosphorylation	  of	  the	  sole	  ERM	  protein	  Moesin	  at	  residue	  T559	  (Hipfner	  et	  al.	  2004;	  Hughes	  and	  Fehon	  2006).	  	  However,	  it	  is	  not	  known	  whether	  SLK	  regulates	  any	  or	  all	  of	  the	  ERM	  proteins	  in	  mammalian	  cells.	  	  To	  test	  this	  we	  over-­‐expressed	  SLK	  in	  a	  variety	  of	  cell	  types	  and	  assayed	  for	  phosphorylation	  of	  the	  C-­‐terminal	  threonine	  of	  ERM	  proteins	  by	  Western	  blot.	  	  We	  demonstrated	  that	  SLK	  overexpression	  leads	  to	  an	  increase	  in	  phosphorylation	  of	  all	  three	  ERMs	  in	  epithelial	  liver	  derived	  cells	  (LDCs),	  NIH3T3	  cells	  and	  HEK293T	  cells	  indicating	  that	  SLK	  is	  sufficient	  to	  phosphorylate	  all	  three	  ERMs	  in	  different	  mammalian	  cell	  types	  (Figure	  4.2A).	  	  	   We	  observe	  a	  basal	  level	  of	  ERM	  phosphorylation	  (Figure	  4.2A)	  in	  cells	  grown	  in	  2D	  culture.	  	  Indeed,	  there	  are	  a	  number	  of	  kinases	  reported	  to	  phosphorylate	  this	  residue	  (Matsui	  et	  al.	  1998;	  Simons	  et	  al.	  1998;	  Ng	  et	  al.	  2001;	  Belkina	  et	  al.	  2009;	  ten	  Klooster	  et	  al.	  2009)	  and	  it	  is	  not	  known	  which	  might	  be	  the	  principal	  kinase	  that	  maintains	  ERM	  phosphorylation	  in	  these	  cells.	  	  To	  determine	  whether	  SLK	  is	  required	  for	  ERM	  phosphorylation	  we	  eliminated	  SLK	  expression	  using	  two	  independent	  short	  hairpins.	  	  We	  observed	  no	  change	  in	  phosphorylation	  of	  the	  ERMs	  in	  LDCs	  (Figure	  4.2B),	  NIH	  3T3,	  or	  HEK293T	  cells	  in	  the	  presence	  or	  absence	  of	  serum	  (not	  shown)	  indicating	  that	  SLK	  is	  not	  required	  for	  activation	  of	  the	  ERMs	  in	  the	  context	  of	  2D	  cell	  culture	  in	  these	  cell	  types.	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Figure	  4.2	  Mouse	  SLK	  is	  sufficient	  but	  not	  necessary	  to	  induce	  phosphorylation	  of	  the	  ERM	  proteins.	  	  (A)	  When	  SLK	  is	  overexpressed	  in	  three	  different	  cell	  types	  in	  2D	  culture	  (LDCs,	  NIH3T3s	  and	  293T	  cells)	  we	  observe	  an	  increase	  in	  phosphorylation	  of	  all	  three	  ERMs.	  	  (B)	  Upon	  targeting	  mouse	  SLK	  with	  two	  independent	  short	  hairpins	  we	  demonstrate	  a	  robust	  decrease	  in	  SLK	  expression	  but	  no	  change	  in	  ERM	  phosphorylation	  in	  LDCs.	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A	  phosphomimetic	  (T577D)	  mutation	  alters	  Merlin	  localization	  to	  the	  
insoluble	  membrane	  compartment	  
	   In	  contrast	  to	  ERMs,	  the	  majority	  of	  studies	  on	  Merlin	  regulation	  and	  activation	  have	  focused	  on	  the	  phosphorylation	  of	  serine	  518,	  which	  is	  thought	  to	  modulate	  Merlin	  intramolecular	  association	  and	  binding	  to	  effectors	  (Shaw	  et	  al.	  2001;	  Kissil	  et	  al.	  2002;	  Rong	  et	  al.	  2004;	  Jung	  et	  al.	  2005).	  	  This	  is	  despite	  the	  fact	  that	  the	  best-­‐studied	  phosphorylation	  site	  on	  the	  ERMs	  (T567)	  is	  conserved	  in	  Merlin.	  	  Indeed,	  SLK	  is	  predicted	  to	  phosphorylate	  mouse	  Merlin	  on	  its	  conserved	  C-­‐terminal	  threonine	  (T577)	  residue.	  In	  D.	  melanogaster,	  Merlin	  localization	  to	  the	  membrane	  is	  decreased	  upon	  deleting	  Slik	  and	  over-­‐expressing	  Slik	  induces	  phosphorylation	  of	  the	  C-­‐terminal	  threonine	  residue	  (T616)	  (Hughes	  and	  Fehon	  2006).	  	  We	  were	  unable	  to	  detect	  changes	  in	  total	  Merlin	  localization	  by	  immunofluorescence	  upon	  loss	  of	  SLK	  expression	  (not	  shown).	  Since	  phospho-­‐specific	  antibodies	  are	  not	  available	  for	  detecting	  Merlin	  T577,	  we	  expressed	  ectopic	  wild	  type,	  a	  phosphomimetic	  (T577D)	  and	  a	  nonphosphorylatable	  (T577A)	  version	  of	  Merlin	  in	  Nf2	  deficient	  LDCs	  and	  assayed	  Merlin	  localization	  by	  biochemical	  fractionation.	  	  We	  found	  that	  substantial	  pools	  of	  wild-­‐type	  and	  T577D	  Merlin	  are	  present	  in	  both	  the	  soluble	  and	  insoluble	  membrane	  compartments.	  In	  contrast,	  although	  well	  represented	  in	  the	  soluble	  membrane,	  Nf2	  T577A	  is	  greatly	  diminished	  from	  the	  Triton	  X-­‐100-­‐insoluble	  membrane	  compartment	  (Figure	  4.3A).	  	  These	  data	  suggest	  that	  phosphorylation	  of	  this	  residue	  could	  alter	  Merlin	  localization.	  	  However,	  knockdown	  of	  SLK	  did	  not	  prevent	  Merlin	  from	  localizing	  to	  the	  Triton	  X-­‐100-­‐insoluble	  membrane	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compartment	  (Figure	  4.3B).	  	  This	  suggests	  that,	  as	  for	  the	  ERMs,	  SLK	  might	  not	  be	  required	  for	  basal	  levels	  of	  Merlin	  T577	  phosphorylation.	  	  Notably,	  studies	  in	  the	  fly	  demonstrated	  that	  Slik	  over-­‐expression	  induces	  phosphorylation	  of	  the	  C-­‐terminal	  threonine	  on	  Merlin	  (T616)	  but	  did	  not	  report	  whether	  deleting	  Slik	  had	  any	  effect	  on	  Merlin	  phosphorylation	  (Hughes	  and	  Fehon	  2006).	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Figure	  4.3	  Phosphorylation	  of	  T577	  on	  Merlin	  affects	  subcellular	  localization	  but	  not	  contact	  dependent	  inhibition	  of	  proliferation.	  	  (A)	  Nf2	  deficient	  LDCs	  were	  infected	  with	  vector	  control,	  Nf2	  wild	  type,	  Nf2	  T577A	  and	  Nf2	  T577D.	  	  After	  three	  days	  cells	  were	  biochemically	  fractionated	  revealing	  that	  the	  nonphosphorylatable	  Merlin	  T577A	  is	  less	  enriched	  in	  the	  Triton	  X-­‐100-­‐insoluble	  fraction.	  	  (B)	  Wild	  type	  
Nf2	  was	  exogenously	  expressed	  in	  Nf2	  deficient	  LDCs.	  Targeted	  knockdown	  of	  SLK	  by	  expression	  of	  shSLK1	  had	  no	  clear	  effect	  on	  Merlin	  solubility.	  (C)	  Expressing	  Nf2	  wild	  type,	  Nf2	  T577A	  or	  Nf2	  T577D	  in	  Nf2	  deficient	  LDCs	  was	  able	  to	  confer	  contact	  dependent	  inhibition	  of	  proliferation	  compared	  to	  control.	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Next,	  we	  tested	  whether	  the	  T577A	  or	  T577D	  mutant	  versions	  of	  Merlin	  could	  alter	  the	  ability	  of	  Merlin	  to	  inhibit	  cell	  proliferation.	  	  Specifically,	  we	  tested	  whether	  wild	  type	  or	  T577A	  and	  T577D	  Merlin	  mutants	  could	  rescue	  contact	  dependent	  inhibition	  of	  proliferation	  in	  Nf2	  deficient	  LDCs.	  	  Growth	  curves	  indicate	  that	  T577	  phosphorylation	  does	  not	  affect	  Merlin	  activity	  in	  this	  setting	  as	  both	  T577D	  and	  T577A	  confer	  contact	  dependent	  inhibition	  of	  proliferation,	  at	  least	  when	  overexpressed	  (Figure	  4.3C).	  Indeed,	  we	  observed	  some	  Merlin	  T577A	  in	  the	  Triton	  X-­‐100-­‐insoluble	  membrane	  compartment	  (Figure	  4.3A)	  indicating	  that	  expressing	  T577A	  Merlin	  above	  physiological	  levels	  may	  mask	  potential	  phenotypic	  consequences	  of	  Merlin	  T577	  phosphorylation	  at	  physiological	  levels.	  	  	  
	  
SLK	  is	  not	  necessary	  for	  cortical	  Merlin/ERM	  localization	  in	  developing	  CaCo2	  
cysts	  	   We	  have	  shown	  in	  2D	  cell	  culture	  that	  SLK	  expression	  is	  sufficient	  to	  induce	  phosphorylation	  of	  all	  three	  ERM	  proteins	  in	  mammalian	  cells;	  however,	  SLK	  is	  not	  required	  for	  ERM	  phosphorylation	  (or	  Merlin	  regulation)	  under	  basal	  conditions	  in	  these	  cell	  types.	  	  Interestingly,	  SLK	  seems	  to	  have	  an	  important	  role	  in	  developing	  tissues	  and	  perhaps	  in	  developing	  epithelia.	  	  For	  example,	  SLK	  is	  expressed	  throughout	  the	  developing	  mouse	  embryo	  (Sabourin	  and	  Rudnicki	  1999),	  and	  its	  expression	  and	  activity	  are	  increased	  during	  kidney	  development	  (Cybulsky	  et	  al.).	  	  Therefore,	  we	  asked	  whether	  SLK	  was	  critical	  for	  the	  regulation	  of	  ERMs	  in	  the	  context	  of	  epithelial	  cyst	  development	  using	  CaCo2	  cells	  in	  3D	  culture	  (described	  in	  
 153	  
Chapter	  2).	  	  Upon	  loss	  of	  SLK	  expression	  in	  single	  CaCo2	  cells	  Ezrin	  cap	  formation	  proceeded	  normally	  and	  single	  cells	  developed	  into	  normal	  cyst	  structures	  with	  a	  single	  lumen	  (Figure	  4.4)	  suggesting	  that	  SLK	  is	  not	  required	  for	  ERM	  regulation	  in	  this	  context.	  	  Since	  Merlin	  itself	  is	  required	  for	  cap	  formation	  this	  also	  suggests	  that	  SLK	  does	  not	  have	  a	  significant	  impact	  on	  Merlin	  activity	  in	  these	  cells	  or	  in	  this	  assay.	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Figure	  4.4	  SLK	  is	  not	  required	  for	  Ezrin	  cap	  formation	  or	  cyst	  morphogenesis	  in	  3D	  culture.	  (A)	  Single	  CaCo2	  cells	  in	  3D	  matrigel	  culture	  expressing	  shSLK	  form	  normal	  Ezrin	  caps	  (left)	  which	  are	  quantified	  (right).	  	  (B)	  Single	  CaCo2	  cells	  in	  3D	  matrigel	  culture	  expressing	  shSLK	  develop	  into	  normal	  cysts	  with	  a	  single	  lumen	  (left)	  which	  are	  quantified	  (right)	  (C)	  Western	  blot	  of	  SLK	  demonstrating	  robust	  knockdown	  in	  shSLK	  expressing	  CaCo2	  cells.	  Bars	  10μm.	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
 155	  
Discussion	  	   My	  studies	  of	  CaCo2	  cells	  (Chapter	  2)	  reveal	  the	  striking	  dynamic	  and	  interdependent	  localization	  of	  Merlin	  and	  the	  ERMs	  across	  the	  cell	  cycle.	  	  This	  raises	  the	  fascinating	  question	  of	  how	  these	  localization	  changes	  are	  coordinated.	  	  One	  interesting	  possibility	  is	  that	  the	  regulation	  of	  Merlin	  and	  the	  ERMs	  during	  this	  process	  is	  coordinated.	  Interestingly,	  in	  D.	  melanogaster,	  Slik	  has	  been	  reported	  to	  induce	  phosphorylation	  of	  Merlin	  and	  the	  sole	  ERM	  ortholog	  Moesin	  suggesting	  a	  mechanism	  by	  which	  they	  could	  be	  coordinately	  regulated	  (Hipfner	  and	  Cohen	  2003;	  Speck	  et	  al.	  2003;	  Hughes	  and	  Fehon	  2006;	  Martin-­‐Belmonte	  et	  al.	  2008).	  In	  mammals,	  SLK	  is	  predicted	  to	  phosphorylate	  Merlin	  on	  residue	  T577	  and	  little	  is	  known	  about	  how	  modification	  of	  this	  residue	  may	  regulate	  Merlin	  function.	  	  	  	   Our	  studies	  show	  that	  SLK	  is	  not	  essential	  for	  regulating	  Merlin	  or	  the	  ERMs	  in	  the	  cell	  types	  and	  contexts	  we	  tested.	  	  However,	  SLK	  can	  induce	  phosphorylation	  of	  the	  ERM	  proteins,	  indicating	  that	  there	  are	  likely	  to	  be	  unidentified	  contexts	  where	  SLK	  activity	  is	  	  essential	  for	  ERM	  and	  perhaps	  Merlin	  activation.	  	  To	  this	  end	  we	  would	  first	  need	  to	  identify	  a	  context	  where	  SLK-­‐mediated	  regulation	  of	  Merlin	  and	  ERMs	  is	  required.	  	  Contrary	  to	  the	  oversimplified	  model	  that	  hyperphosphorylated	  Merlin	  is	  thought	  to	  be	  inactive	  in	  terms	  of	  limiting	  proliferation,	  our	  studies	  support	  that	  phosphorylation	  of	  Merlin	  on	  T577	  is	  not	  a	  critical	  regulator	  of	  proliferation.	  Therefore,	  a	  clearer	  understanding	  of	  the	  functional	  consequences	  of	  T577	  phosphorylation	  will	  be	  beneficial	  for	  identifying	  a	  context	  where	  coordinate	  regulation	  of	  Merlin	  and	  the	  ERMs	  by	  SLK	  might	  be	  essential.	  	  Alternatively,	  a	  number	  of	  other	  kinases	  that	  are	  capable	  of	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phosphorylating	  Merlin	  and	  the	  ERMs	  could	  be	  responsible	  for	  their	  coordinate	  regulation.	  	  	   Studies	  in	  flies	  have	  shown	  that	  C-­‐terminal	  phosphorylation	  of	  Merlin	  at	  T616	  (analogous	  to	  T577	  in	  mammalian	  Merlin)	  by	  SLK	  affects	  its	  sub-­‐cellular	  localization	  (Hughes	  and	  Fehon	  2006).	  	  Our	  biochemical	  fractionation	  studies	  also	  indicate	  that	  modification	  of	  this	  residue	  on	  mouse	  Merlin	  (T577)	  affects	  its	  distribution	  within	  the	  cell.	  	  However,	  modification	  of	  this	  residue	  does	  not	  seem	  to	  affect	  the	  ability	  of	  Merlin	  to	  mediate	  contact	  dependent	  inhibition	  of	  cell	  proliferation.	  	  Importantly,	  the	  CaCo2	  studies	  described	  in	  Chapter	  2	  clearly	  show	  proliferation	  independent	  effects	  of	  Merlin	  deficient	  cells.	  The	  role	  of	  T577	  phosphorylation	  is	  not	  yet	  clear	  but	  highlights	  the	  notion	  that	  Merlin	  is	  phosphorylated	  on	  multiple	  residues.	  	  Therefore,	  Merlin	  phosphorylation	  is	  clearly	  not	  a	  simple	  “active”	  vs.	  “inactive”	  regulatory	  step.	  	  Rather,	  there	  are	  likely	  to	  be	  multiple	  Merlin	  functions	  that	  may	  be	  regulated	  independently.	  	  In	  that	  regard,	  it	  will	  be	  interesting	  to	  determine	  whether	  T577A/D	  mutants	  can	  rescue	  the	  Ezrin	  cap	  formation	  in	  Merlin	  deficient	  CaCo2	  cells	  in	  3D.	  	   While	  SLK	  is	  not	  required	  in	  CaCo2	  cells	  for	  the	  dynamic	  localization	  of	  Ezrin	  throughout	  epithelial	  morphogenesis	  in	  3D	  cultures	  (Figure	  4.4),	  we	  have	  found	  that	  the	  cyclin	  dependent	  kinase	  CDK5	  is	  (Figure	  2.3E).	  	  It	  is	  interesting	  to	  note	  that	  residue	  T235	  on	  Ezrin,	  which	  is	  directly	  phosphorylated	  by	  CDK5,	  is	  also	  conserved	  in	  Merlin	  (T251).	  In	  addition,	  the	  T251	  residue	  in	  the	  N-­‐terminal	  FERM	  domain	  is	  directly	  apposed	  to	  the	  T577	  and	  not	  the	  S518	  residue	  of	  Merlin	  and	  would	  be	  predicted	  to	  have	  the	  same	  effect	  on	  (to	  weaken)	  self-­‐association	  (Pearson	  et	  al.	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2000;	  Yang	  and	  Hinds	  2003).	  This	  suggests	  that	  phosphorylation	  of	  T251	  on	  Merlin	  by	  CDK5	  may	  be	  equivalent	  to	  T577	  phosphorylation,	  which	  we	  have	  shown	  is	  not	  critical	  for	  Merlin’s	  role	  in	  controlling	  proliferation.	  Rather,	  phosphorylation	  of	  residue	  T251	  could	  be	  important	  for	  Merlin’s	  proliferation-­‐independent	  function	  to	  position	  Ezrin	  and	  orient	  the	  centrosome	  and	  mitotic	  spindle.	  Therefore,	  we	  hypothesize	  that	  the	  dynamic	  localization	  of	  Ezrin	  in	  single	  CaCo2	  cells	  relies	  on	  coordinate	  regulation	  of	  the	  Merlin	  and	  Ezrin	  FERM	  domains	  by	  CDK5.	  In	  this	  regard,	  it	  will	  be	  important	  to	  test	  whether	  CDK5	  can	  directly	  regulate	  Merlin	  and	  to	  determine	  whether	  CDK5	  mediated	  phosphorylation	  of	  Merlin	  is	  important	  for	  its	  ability	  to	  restrict	  cortical	  Ezrin.	  	  Finally,	  if	  we	  identify	  a	  context	  where	  CDK5	  or	  SLK	  can	  coordinately	  regulate	  Merlin	  and	  the	  ERMs	  it	  will	  be	  equally	  important	  to	  elucidate	  how	  CDK5	  or	  SLK	  are	  themselves	  regulated	  and	  how	  their	  activities	  may	  coordinate	  with	  the	  cell	  cycle.	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Materials	  and	  Methods	  	  
Cell	  Culture	  
	   Mouse	  Nf2	  deficient	  liver	  derived	  epithelial	  cells	  (LDCs)	  generated	  as	  previously	  described	  (Lallemand	  et	  al.	  2003;	  Curto	  et	  al.	  2007),	  NIH3T3,	  HEK293T,	  and	  Human Caco2 cells (the Caco2BBe subclone was used throughout; a gift from Wayne 
Lencer, Children’s Hospital, Boston) were cultured in DMEM 10% fetal bovine serum 
(FBS) with P/S. For serum starvation, cells were rinsed 1x with PBS before adding serum 
free DMEM with P/S.  All	  3D	  cell	  culture	  experiments	  were	  performed	  as	  described	  in	  Chapter	  2.	  	  Briefly,	  single	  CaCo2	  control	  cells	  or	  SLK	  deficient	  cells	  were	  suspended	  in	  matrigel	  and	  cultured	  for	  14	  hours	  (single	  cell	  analysis)	  or	  6	  days	  (cyst	  analysis).	  	  Cells	  were	  stained	  for	  Ezrin	  and	  visualized	  using	  an	  LSM510	  confocal	  microscope	  to	  assess	  Ezrin	  cap	  formation	  and	  cyst	  morphogenesis.	  	  Phenotypes	  were	  quantified	  and	  representative	  images	  for	  each	  condition	  were	  taken.	  	   	  
cDNA	  Pool	  Generation	  and	  PCR	  Detection	  of	  SLK	  Isoforms	  
	   Individual	  tissues	  from	  wild	  type	  FVB	  mice	  were	  isolated	  and	  snap	  frozen	  in	  liquid	  N2	  and	  homogenized	  in	  Trizol	  before	  adding	  chloroform	  (0.2	  mL	  per	  1mL	  Trizol).	  	  The	  aqueous	  phase	  was	  isolated	  by	  centrifugation	  at	  12,000g	  and	  0.5mL	  of	  isopropanol	  was	  added	  per	  1mL	  trizol	  incubated	  for	  10min	  at	  RT	  and	  stored	  at	  	  	  	  	  	  	  	  	  	  -­‐80°C.	  To	  make	  cDNA,	  samples	  were	  thawed	  on	  ice	  and	  spun	  at	  10k	  RPM	  in	  a	  microfuge	  for	  10	  min	  at	  4°C.	  	  The	  supernatant	  was	  removed	  and	  washed	  with	  1mL	  
 159	  
cold	  75%	  Ethanol	  and	  spun	  at	  7k	  RPM	  for	  5	  min	  at	  4°C.	  	  The	  remaining	  Ethanol	  was	  removed	  and	  pellet	  was	  resuspended	  in	  between	  20μl	  and	  100μl	  sterile	  ddH2O.	  	  RNA	  concentration	  was	  determined	  by	  measuring	  OD260	  and	  5μg	  RNA	  was	  used	  for	  the	  reverse	  transcription	  M-­‐MLV	  RT	  reaction	  (Promega).	  	  For	  PCR	  detection	  of	  different	  isoforms,	  25μM	  of	  each	  the	  forward	  and	  reverse	  primer	  were	  used	  with	  1μl	  of	  cDNA	  and	  1μl	  Taq	  polymerase	  (Invitrogen)	  in	  a	  20μl	  reaction	  volume.	  	  The	  PCR	  reaction	  was	  performed	  with	  a	  Tm	  of	  60°C	  and	  an	  extension	  time	  of	  1	  minute	  for	  30	  cycles.	  	  GAPDH	  was	  used	  as	  a	  control	  for	  cDNA	  quality.	  	  
Biochemical	  Cell	  Fractionation	  Cells	  were	  lysed	  by	  mechanical	  disruption	  in	  cold	  hypotonic	  buffer	  (10	  mM	  HEPES	  at	  pH	  7.4,	  1	  mM	  EDTA,	  and	  protease	  inhibitors).	  Nuclei	  were	  pelleted	  by	  centrifugation	  at	  750g	  for	  10	  min.	  Further	  centrifugation	  of	  the	  resulting	  supernatant	  at	  1×105g	  for	  1	  h	  led	  to	  recovery	  of	  the	  cytosolic	  fraction	  (Cyto).	  The	  pellet	  was	  extracted	  with	  membrane	  extraction	  buffer	  (MEB;	  50	  mM	  Tris	  at	  pH	  7.4,	  1%	  Triton	  X-­‐100,	  150	  mM	  NaCl,	  1	  mM	  EDTA,	  1	  mM	  Na3VO4,	  and	  protease	  inhibitors)	  and	  centrifuged	  at	  1×105g	  for	  1	  h.	  This	  supernatant	  corresponded	  to	  the	  Triton	  X-­‐100	  soluble	  membrane	  extract	  (TxSol).	  The	  final	  pellet	  was	  extracted	  with	  modified	  RIPA	  buffer	  and	  centrifuged	  at	  1×105g	  for	  5	  min;	  this	  supernatant	  corresponded	  to	  the	  Triton	  X-­‐100	  insoluble	  fraction	  (TxInsol).	  Equal	  quantities	  of	  protein	  were	  separated	  by	  SDS-­‐PAGE,	  transferred	  to	  nitrocellulose	  membrane,	  and	  probed	  at	  4°C	  overnight	  in	  PBS,	  0.05%	  Tween-­‐20,	  and	  5%	  nonfat	  dry	  milk	  or	  1%	  BSA	  for	  phospho-­‐specific	  antibodies.	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Antibodies and Constructs 
Primary antibodies for immunofluorescence (IF) and/or western blotting (WB) 
were from: Santa Cruz Biotechnology (NF2 sc332 1:1000 for WB), Cell Signaling 
Technology (phospho-ERM 3141 1:1000 for WB; ERM 3142 1:1000 for WB), Bethyl 
(SLK BL1917 1:500 for WB) and Sigma (Actin A3853 1:2000 for WB).  
 Full length SLK was cloned from our mouse ovary cDNA pool using the primers 
corresponding to the N and C-terminus of mouse SLK.  Sequence analysis confirmed our 
construct was isoform 2 of SLK, which was subcloned into our lentiviral pBOB vector.  
Mouse Nf2 mutants (T577A and T577D) were generated using site directed mutagenesis 
(Invitrogen) and subcloned into our lentiviral pBOB vector. 	  
	  
Western blotting 
Cells were lysed using RIPA lysis buffer (50 mM Tris [pH 7.4], 1% Triton X-100, 
1% SDS, 0.5% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM 
PMSF, 1 mM Na3VO4, 10 mM sodium fluoride, 10 mM β-glycerophosphate, 1 mg/ml 
aprotinin and 1 mg/ml leupeptin) followed by brief sonication. Cell debris was cleared by 
centrifugation (14,000 rpm, 10 min, 4°C) and lysates were quantitated by DC protein 
assay (Bio-Rad), separated by SDS-PAGE, transferred to PVDF. Membranes were 
blocked in 5% milk, incubated with primary antibody for 1hr at RT or overnight at 4°C in 
1% milk and then with anti-mouse or anti-rabbit horseradish peroxidase-conjugated 
secondary antibodies (1:5000; Amersham).	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Growth	  Curves	  
	   For	  cell	  growth	  curves,	  4 × 104	  Nf2	  deficient	  LDCs	  were	  infected	  with	  empty	  vector,	  Nf2	  wild	  type,	  Nf2	  T577A	  or	  Nf2	  T577D	  and	  seeded	  in	  triplicate	  in	  15-­‐mm	  wells	  in	  DMEM + 10%	  FBS.	  Beginning	  day	  2	  (48	  hrs	  post	  plating),	  cells	  were	  trypsinized	  and	  counted	  on	  day	  3	  and	  day	  5.	  Experiments	  were	  repeated	  at	  least	  three	  times.	  
	  
shRNA	  Five	  lentiviral	  short	  hairpin	  RNA	  (shRNA)	  constructs	  targeting	  human	  SLK	  and	  five	  targeting	  mouse	  SLK	  were	  purchased	  from	  Open	  Biosystems.	  We	  determined	  knockdown	  efficiency	  by	  WB	  and	  constructs	  that	  most	  efficiently	  targeted	  protein	  expression	  were	  utilized.	  The	  following	  short	  hairpin	  clones	  were	  used	  throughout	  our	  experiments:	  hSLK	  (TRCN0000000895),	  mSLK1	  (TRCN0000025271)	  and	  mSLK2	  (TRCN0000025272).	  	  	  
Lentivirus production 
Lentiviruses expressing shRNAs were generated by co-transfecting 293T cells 
with shRNA constructs together with the packaging vectors ΔVPR and VSVG (Fugene). 
Lentiviruses derived from pBOB constructs were generated similarly using the packaging 
vectors psPAX and pMD2.G (Fugene). Lentiviral supernatants were collected 5X over a 
period of 48 hr, filtered (0.22 µm), aliquotted and frozen at -80°C. For infection, cells 
were trypsinized, resuspended in 6 ml of lentiviral supernatant and cultured for 24 hr. 
Cells were then transferred to fresh medium containing 7µg/ml puromycin (but not for 
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pBOB infected cells) for 48 hr and plated. Cells expressing short hairpins targeting SLK, 
protein constructs or control vectors were subject to WB analysis to monitor protein 
levels in each experiment. 	  
Statistics 
For 3D culture experiments, data from at least three independent experiments 
were pooled and expressed as mean ± SEM. Values were compared by 2-tailed Student’s 
t-test, with statistical significance of *p<0.05 or **p<0.01 indicated.  For LDC growth 
curves representative data from three independent experiments is shown.	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   The	  cell	  cortex	  comprises	  the	  dynamic	  interactions	  between	  plasma	  membrane	  proteins	  and/or	  lipids	  and	  the	  underlying	  cortical	  cytoskeleton	  (Fehon	  et	  al.	  2010;	  Rauzi	  and	  Lenne	  2011).	  	  This	  is	  the	  precise	  nexus	  where	  the	  ERM	  proteins	  (Ezrin,	  Radixin	  and	  Moesin)	  and	  closely	  related	  neurofibromatosis	  type	  2	  (NF2)	  tumor	  suppressor,	  Merlin,	  have	  emerged	  as	  key	  scaffolds	  that	  can	  assemble	  protein	  complexes	  to	  orchestrate	  cortical	  organization	  (McClatchey	  and	  Fehon	  2009).	  Here,	  the	  ERMs	  can	  physically	  stabilize	  the	  cell	  cortex	  during	  mitotic	  rounding,	  membrane	  bleb	  retraction	  and	  the	  establishment	  of	  the	  apical	  and	  junctional	  region	  of	  epithelial	  cells	  by	  linking	  plasma	  membrane	  proteins	  and/or	  lipids	  directly	  to	  cortical	  actin	  (Gobel	  et	  al.	  2004;	  Saotome	  et	  al.	  2004;	  Van	  Furden	  et	  al.	  2004;	  Charras	  et	  al.	  2006;	  Pilot	  et	  al.	  2006;	  Kunda	  et	  al.	  2008;	  Luxenburg	  et	  al.	  2011).	  ERM	  proteins	  can	  also	  control	  the	  distribution	  and	  activity	  of	  a	  number	  of	  associated	  membrane	  receptors	  (McClatchey	  and	  Fehon	  2009).	  	  Similarly,	  studies	  reveal	  that	  cortical	  Merlin	  can	  both	  control	  the	  distribution	  of	  certain	  membrane	  receptors	  and	  regulate	  cortical	  features	  such	  as	  cell	  junctions,	  polarity	  and	  spindle	  orientation	  (Lallemand	  et	  al.	  2003;	  Maitra	  et	  al.	  2006;	  Curto	  et	  al.	  2007;	  Cole	  et	  al.	  2008;	  Lallemand	  et	  al.	  2009).	  Merlin	  and	  the	  ERMs	  are	  evolutionarily	  conserved	  and	  are	  thought	  to	  be	  derived	  from	  a	  common	  ancestor.	  	  They	  share	  a	  number	  of	  common	  binding	  partners,	  are	  co-­‐expressed	  in	  most	  cell	  types,	  hetero-­‐oligomerize,	  display	  coordinated	  regulation,	  and	  exhibit	  both	  distinct	  and	  overlapping	  localizations	  within	  cells	  indicating	  a	  functional	  relationship	  (McClatchey	  2003;	  McClatchey	  and	  Fehon	  2009).	  	  Defining	  the	  relationship	  between	  Merlin	  and	  the	  ERMs	  is	  central	  to	  considering	  their	  roles	  in	  cancer	  development.	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Therefore	  the	  goal	  of	  my	  work	  was	  to	  gain	  a	  fundamental	  understanding	  of	  how	  Merlin	  and	  the	  ERMs	  cooperate	  to	  organize	  the	  membrane.	  	  My	  work	  advances	  our	  understanding	  of	  several	  basic	  cellular	  processes	  that	  Merlin	  and	  the	  ERMs	  control.	  	  Notably,	  I	  show	  that	  Merlin	  and	  the	  ERM	  proteins	  interdependently	  organize	  the	  membrane	  of	  single	  cells	  to	  generate	  cortical	  asymmetry	  in	  the	  absence	  of	  external	  cues.	  	  	  	  
Novel	  role	  for	  merlin	  and	  the	  ERMs	  in	  organizing	  the	  cell	  cortex	  
	   The	  NF2	  tumor	  suppressor	  gene	  was	  cloned	  nearly	  two	  decades	  ago	  without	  knowledge	  of	  the	  molecular	  basis	  for	  its	  associated	  tumor	  syndrome	  neurofibromatosis	  type	  2	  (Rouleau	  et	  al.	  1993;	  Trofatter	  et	  al.	  1993).	  	  Surprisingly,	  it	  was	  discovered	  that	  the	  NF2-­‐encoded	  protein	  Merlin	  is	  closely	  related	  to	  the	  membrane:cytoskeleton	  associated	  ERM	  (Ezrin,	  Radixin	  and	  Moesin)	  proteins.	  	  This	  finding	  provided	  the	  first	  clue	  as	  to	  how	  a	  membrane:cytoskeleton	  associated	  protein	  could	  control	  cell	  proliferation.	  	  Indeed,	  this	  was	  in	  contrast	  to	  our	  knowledge	  of	  the	  now	  classic	  tumor	  suppressors	  p53,	  Rb,	  and	  NF1	  that	  directly	  control	  the	  cell	  cycle	  machinery	  in	  the	  nucleus,	  or	  in	  the	  case	  of	  Nf1,	  to	  directly	  negatively	  regulate	  mitogenic	  Ras	  signaling	  (Sherr	  2004).	  	  Many	  studies	  of	  Merlin	  function	  have	  been	  modeled	  after	  work	  on	  other	  tumor	  suppressors	  and	  it	  has	  been	  shown	  that	  overexpression	  of	  Merlin	  can	  block	  both	  cell	  proliferation	  and	  oncogene-­‐induced	  transformation	  (Tikoo	  et	  al.	  1994;	  Lutchman	  and	  Rouleau	  1995).	  More	  recently,	  Merlin	  has	  been	  implicated	  in	  regulating	  the	  Hippo	  signaling	  pathway	  (Hamaratoglu	  et	  al.	  2006)	  and	  even	  the	  expression	  of	  pro-­‐proliferative	  genes	  in	  the	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nucleus	  (Tikoo	  et	  al.	  1994).	  Our	  lab	  has	  demonstrated	  that	  Merlin	  can	  associate	  with	  EGFR	  via	  the	  membrane	  adaptor	  NHE-­‐RF1	  and	  prevent	  mitogenic	  signaling	  in	  contacting	  cells	  (Curto	  et	  al.	  2007);	  however,	  we	  have	  also	  identified	  key	  functions	  for	  Merlin	  in	  controlling	  other	  cell	  behaviors	  that	  impact	  cell	  proliferation	  less	  directly,	  such	  as	  adherens	  junction	  assembly/maturation	  and	  spindle	  orientation.	  So,	  is	  there	  a	  more	  proximal	  function	  of	  Merlin	  that	  might	  explain	  its	  role	  in	  controlling	  these	  multiple	  proliferative	  and	  non-­‐proliferative	  pathways	  and	  cell	  behaviors?	  My	  data	  suggest	  that	  Merlin	  may	  be	  a	  molecular	  ‘Achilles	  heel’,	  such	  that	  loss	  of	  its	  function	  could	  set	  in	  motion	  a	  series	  of	  events	  leading	  to	  tumorigenesis.	  	  First,	  loss	  of	  Nf2	  in	  my	  studies	  and	  others	  (Gladden	  et	  al.	  2010)	  leads	  to	  altered	  spindle	  orientation,	  which	  may	  affect	  tissue	  architecture,	  morphogenesis	  and	  asymmetric	  cell	  divisions	  that	  maintain	  stem	  cell	  populations.	  	  These	  defects	  could,	  in	  turn,	  lead	  to	  the	  loss	  of	  polarity,	  which	  is	  critical	  for	  tissue	  architecture	  as	  well	  as	  receptor	  distribution	  (Maitra	  et	  al.	  2006).	  	  Indeed,	  altering	  the	  distribution	  of	  receptors	  can	  lead	  to	  aberrant	  activation	  (Maitra	  et	  al.	  2006).	  Ultimately,	  these	  defects	  could	  lead	  to	  centrosome	  unclustering	  and	  potentially	  changes	  in	  genome	  stability	  (Kwon	  et	  al.	  2008;	  Godinho	  et	  al.	  2009).	  	  Ultimately,	  my	  data	  suggest	  that	  this	  array	  of	  defects	  could	  all	  stem	  from	  the	  fundamental	  ability	  of	  Merlin	  to	  organize	  the	  membrane	  and	  restrict	  cortical	  Ezrin.	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Extending	  our	  molecular	  studies	  of	  Merlin	  and	  the	  ERMs	  
	  
Merlin-­‐mediated	  restriction	  of	  cortical	  Ezrin	  Going	  forth,	  a	  major	  focus	  will	  be	  to	  determine	  the	  molecular	  details	  of	  how	  Merlin	  mediates	  the	  restriction	  of	  Ezrin	  at	  the	  cortex,	  and	  how	  cortical	  organization	  may	  be	  coordinated	  with	  the	  cell	  cycle.	  The	  mechanism	  by	  which	  Ezrin	  is	  progressively	  restricted	  in	  a	  cell-­‐cycle	  correlated	  way	  in	  normal	  Caco2	  cells	  is	  not	  yet	  clear.	  	  In	  the	  C.	  elegans	  oocyte,	  actomyosin	  mediated	  cortical	  flow	  is	  required	  for	  asymmetric	  localization	  of	  the	  PAR	  proteins	  in	  response	  to	  the	  sperm	  entry	  cue	  (Munro	  et	  al.	  2004).	  	  However,	  we	  have	  shown	  that	  inhibitors	  of	  myosin	  do	  not	  halt	  Ezrin	  cap	  formation	  indicating	  that	  this	  is	  not	  an	  equivalent	  mechanism	  (Figure	  2.3A).	  In	  line	  with	  this,	  Par3	  remains	  ubiquitously	  localized	  around	  the	  cortex	  in	  cells	  with	  an	  Ezrin	  cap	  (Figure	  2.1C).	  	  In	  D.	  melanogaster	  Merlin	  and	  Moesin	  act	  as	  competitive	  substrates	  for	  Slik	  activity	  (Hughes	  and	  Fehon	  2006)	  suggesting	  that	  Merlin	  might	  restrict	  Ezrin	  by	  simply	  competing	  for	  membrane	  space.	  	  However,	  we	  show	  that	  overexpression	  of	  Merlin,	  which	  localizes	  ubiquitously	  around	  the	  membrane,	  does	  not	  prevent	  Ezrin	  membrane	  localization	  (Figure	  2.5A),	  so	  what	  could	  the	  mechanism	  be?	  Activation	  of	  ERM	  proteins	  involves	  both	  the	  binding	  of	  the	  FERM	  domain	  to	  phosphoinositol	  4,5-­‐bisphosphate	  (PI(4,5)P2)	  and	  phosphorylation	  of	  a	  conserved	  threonine	  residue	  on	  the	  C-­‐terminus.	  	  Though	  phosphorylation	  is	  central	  to	  ERM	  activation,	  interaction	  with	  PI(4,5)P2	  plays	  an	  important	  regulatory	  role	  (Coscoy	  et	  al.	  2002;	  Hao	  et	  al.	  2009;	  Roch	  et	  al.	  2010).	  Recently,	  Roubinet	  et	  al	  have	  identified	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two	  networks	  that	  are	  required	  for	  the	  tight	  spatiotemporal	  regulation	  of	  the	  sole	  ERM	  ortholog,	  Moesin,	  during	  mitosis	  in	  Drosophila	  S2	  cells	  (Roubinet	  et	  al.	  2011).	  Briefly,	  the	  Pp1-­‐87B	  phosphatase	  counteracts	  Slik	  kinase	  activity	  to	  restrict	  Moesin	  activity	  to	  early	  mitosis.	  	  Then,	  the	  PI(4)P	  5-­‐kinase	  Skittles	  and	  PI	  (3,4,5)P3	  phosphatase	  Pten	  further	  refine	  the	  pattern	  of	  activated	  Moesin	  through	  the	  local	  production	  of	  PI(4,5)P2	  which	  is	  required	  for	  both	  Moesin	  cortical	  recruitment	  and	  phosphorylation.	  	  In	  Drosophila	  S2	  cells,	  Pp1-­‐87B	  and	  Slik	  restrict	  activation	  of	  Moesin	  to	  mitosis.	  	  Notably,	  in	  CaCo2	  cells,	  activated	  Ezrin	  concentrates	  into	  a	  cap	  during	  G1,	  prior	  to	  S	  phase	  (Figure	  2.1D),	  a	  process	  for	  which	  SLK	  is	  dispensable.	  Instead,	  Cdk5	  is	  required	  for	  ERM	  activation	  and	  membrane	  localization	  prior	  to	  S	  phase,	  indicating	  that	  other	  kinases	  could	  temporally	  activate	  ERMs	  at	  different	  points	  during	  the	  cell	  cycle.	  In	  the	  context	  of	  spatial	  restriction	  of	  Ezrin,	  we	  note	  that	  Merlin	  is	  required	  for	  Ezrin	  cap	  formation	  but	  not	  recruitment	  to	  the	  cleavage	  furrow.	  	  Therefore,	  we	  hypothesize	  that	  kinases	  or	  phosphatases	  that	  directly	  or	  indirectly	  control	  PI(4,5)P2	  metabolism,	  other	  than	  Skittles	  or	  Pten,	  could	  regulate	  cortical	  restriction	  of	  Ezrin	  during	  G1.	  If	  it	  is	  true	  that	  lipid	  metabolism	  mediates	  Ezrin	  cap	  formation	  in	  single	  cells	  it	  will	  be	  important	  to	  determine	  if	  Merlin’s	  α-­‐catenin	  dependent	  association	  with	  the	  cortical	  cytoskeleton	  is	  required	  for	  proper	  generation	  of	  PI(4,5)P2	  at	  the	  membrane	  or	  for	  Ezrin’s	  association	  with	  it.	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Coordinating	  cortical	  asymmetry	  and	  the	  cell	  cycle	  	   In	  many	  contexts	  cortical	  organization	  is	  intimately	  linked	  with	  the	  cell	  cycle.	  	  This	  connection	  is	  particularly	  important	  for	  process	  such	  as	  asymmetric	  cell	  division,	  which	  ultimately	  regulates	  progenitor	  cell	  populations	  (Morin	  and	  Bellaiche	  2011).	  Our	  studies	  highlight	  a	  cell	  cycle	  correlated	  restriction	  of	  Ezrin	  prior	  to	  S	  phase	  (Figure	  2.1D).	  Notably,	  Cdk5	  is	  not	  required	  for	  the	  dynamic	  restriction	  of	  Ezrin,	  but	  rather	  for	  Ezrin	  activation	  and	  membrane	  localization	  prior	  to	  S	  phase.	  This	  mechanism	  is	  independent	  of	  Ezrin	  activation	  and	  localization	  to	  the	  cleavage	  furrow	  during	  cytokinesis.	  Cdk5	  is	  a	  serine/threonine	  kinase	  that	  belongs	  to	  the	  cyclin-­‐dependent	  kinase	  (Cdk)	  family	  (Dhavan	  and	  Tsai	  2001).	  While	  classical	  Cdks	  bind	  cyclins	  for	  their	  activation	  and	  are	  master	  regulators	  of	  cell	  cycle	  progression	  (Morgan	  1997),	  Cdk5	  is	  activated	  by	  the	  non-­‐cyclin	  proteins	  p35	  and	  p39,	  whose	  expression	  is	  restricted	  to	  postmitotic	  neurons	  (Dhavan	  and	  Tsai	  2001).	  Though	  Cdk5	  activity	  is	  not	  known	  to	  be	  regulated	  in	  a	  cell	  cycle	  dependent	  manner,	  expression	  of	  the	  retinoblastoma	  protein	  pRB	  in	  cells	  that	  lack	  it	  (SAOS-­‐2	  cells)	  leads	  to	  Cdk5	  activation	  in	  a	  p35	  dependent	  fashion	  (Mao	  and	  Hinds	  2010).	  	  Therefore,	  Cdk5	  activity	  might	  cycle	  with	  pRB	  activity	  in	  G1.	  	  If	  this	  were	  true,	  it	  would	  fit	  well	  with	  our	  observation	  of	  Cdk5	  dependent	  activation	  of	  Ezrin	  in	  G1.	  It	  is	  also	  worth	  noting	  that	  Cdk5	  phosphorylates	  Ezrin	  on	  the	  FERM	  domain	  at	  residue	  T235,	  which	  is	  distinct	  from	  phosphorylation	  of	  the	  C-­‐terminal	  threonine	  residue	  (T567)	  that	  is	  thought	  to	  be	  activating	  (Yang	  and	  Hinds	  2003).	  In	  this	  regard,	  it	  will	  be	  important	  to	  determine	  how	  phosphorylation	  of	  other	  residues	  within	  ERMs	  might	  be	  involved	  in	  either	  promoting	  or	  preventing	  ERM	  activation.	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Ezrin	  as	  a	  positional	  cue	  for	  the	  centrosome	  
	   Our	  studies	  have	  identified	  Ezrin	  as	  a	  critical	  cue	  to	  position	  the	  interphase	  centrosome.	  	  In	  fact,	  the	  centrosome	  remains	  positioned	  beneath	  the	  Ezrin-­‐decorated	  cortex	  during	  the	  progressive,	  cell-­‐cycle	  correlated	  restriction	  of	  Ezrin	  (Figure	  4A).	  	  These	  observations	  fit	  well	  with	  studies	  showing	  that	  cues	  associated	  with	  Ezrin	  cortical	  patches	  are	  critical	  for	  correct	  positioning	  of	  the	  mitotic	  spindle	  (Thery	  et	  al.	  2005).	  	  Briefly,	  Thery	  et	  al	  demonstrated,	  using	  ECM	  micropatterning,	  that	  rounded	  mitotic	  cells	  maintain	  memory	  of	  their	  ECM	  attachments	  via	  retraction	  fibers	  and	  cortical	  Ezrin,	  which	  guides	  orientation	  of	  the	  subsequent	  mitotic	  spindle	  (Thery	  et	  al.	  2005).	  Astral	  microtubules	  connect	  centrosomes	  to	  the	  cell	  cortex	  and	  apply	  pulling	  forces	  to	  the	  cortical	  cytoskeleton	  during	  mitosis	  (Manneville	  and	  Etienne-­‐Manneville	  2006;	  Kunda	  and	  Baum	  2009;	  Vaughan	  and	  Dawe	  2010).	  	  This	  raises	  the	  important	  question	  of	  whether	  the	  centrosime	  mediates	  restriction	  of	  cortical	  Ezrin	  via	  astral	  microtubules	  or	  whether	  the	  centrosome	  uses	  astral	  microtubules	  to	  associate	  with	  the	  cortical	  Ezrin	  cap.	  Our	  studies	  suggest	  the	  latter	  and	  are	  consistent	  with	  a	  model	  wherein	  Ezrin	  locally	  stabilizes	  actin,	  providing	  a	  force-­‐generating	  platform	  for	  astral	  microtubule-­‐mediated	  centrosome	  positioning.	  	   The	  mechanism	  by	  which	  the	  centrosome	  interacts	  with	  enriched	  cortical	  Ezrin	  and	  actin	  is	  unclear.	  	  Indeed,	  evidence	  suggests	  crosstalk	  between	  microtubules	  and	  the	  actin	  cytoskeleton	  is	  important	  for	  a	  number	  of	  biological	  processes	  including	  spindle	  orientation	  during	  mitosis	  (Lasserre	  and	  Alcover	  ;	  Kunda	  and	  Baum	  2009).	  	  Recently,	  studies	  have	  demonstrated	  that	  prior	  to	  nuclear	  envelope	  breakdown	  (NEB)	  in	  the	  D.	  melanogaster	  embryo,	  proper	  centrosome	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separation	  does	  not	  require	  myosin	  II	  but	  requires	  dynamic	  actin	  rearrangements	  at	  the	  growing	  edge	  of	  the	  interphase	  cap	  (Cao	  et	  al.).	  	  Interestingly,	  they	  and	  others	  demonstrated	  that	  APC2	  provides	  an	  important	  physical	  link	  between	  spindles	  and	  cortical	  actin	  (Cao	  et	  al.	  ;	  McCartney	  et	  al.	  2001)	  suggesting	  that	  APC2	  may	  link	  the	  Ezrin	  cap	  to	  the	  centrosome	  via	  astral	  microtubules	  in	  CaCo2	  cells.	  	  Indeed,	  preliminary	  evidence	  shows	  that	  APC2	  is	  required	  for	  centrosome	  association	  with	  the	  Ezrin	  cap.	  	  Interestingly,	  we	  noted	  that	  during	  mitosis	  one	  centrosome	  remains	  associated	  with	  the	  Ezrin	  cap	  while	  the	  other	  migrates	  to	  the	  opposite	  end	  of	  the	  cell.	  	  In	  that	  regard,	  we	  aim	  to	  investigate	  how	  differences	  in	  mother	  vs.	  daughter	  centrosomes	  might	  impact	  their	  association	  with	  the	  Ezrin	  decorated	  cortex.	  
	  
Novel	  role	  for	  Merlin	  and	  ERMs	  in	  tumorigenesis	  
	  
Current	  understanding	  of	  Merlin	  as	  a	  tumor	  suppressor	  Despite	  extensive	  analyses	  of	  Merlin	  function	  over	  almost	  two	  decades,	  it	  is	  still	  unclear	  how	  it	  functions	  as	  a	  tumor	  suppressor.	  	  There	  is	  abundant	  evidence	  in	  both	  flies	  and	  mice	  that	  Merlin	  regulates	  growth	  factor	  receptor	  abundance	  and/or	  availability	  at	  the	  cell	  surface	  to	  control	  proliferation.	  	  In	  D.	  melanogaster	  Merlin	  functions	  with	  the	  FERM-­‐domain-­‐containing	  tumor	  suppressor,	  Expanded,	  (McCartney	  et	  al.	  2000;	  Maitra	  et	  al.	  2006)	  such	  that	  loss	  of	  both	  Merlin	  and	  Expanded	  yield	  increased	  surface	  abundance	  of	  EGFR,	  Notch	  and	  Patched	  suggesting	  that	  Merlin	  might	  promote	  receptor	  clearance	  or	  inhibit	  receptor	  recycling.	  In	  support	  of	  the	  notion	  that	  receptor	  abundance	  can	  lead	  to	  activation	  and	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overproliferation,	  a	  downstream	  reporter	  of	  EGFR	  signaling	  is	  upregulated	  in	  mutant	  cells	  (Maitra	  et	  al.	  2006).	  	  Additionally,	  studies	  from	  our	  lab	  demonstrate	  that	  loss	  of	  Merlin	  yields	  persistent	  EGFR	  internalization	  and	  signaling	  at	  high	  cell	  density,	  which	  does	  not	  occur	  in	  confluent	  wild-­‐type	  cells,	  indicating	  that	  Merlin	  normally	  prevents	  EGFR	  endocytosis	  and	  signaling	  upon	  cell:cell	  contact	  (Curto	  et	  al.	  2007).	  Although	  the	  mechanism	  by	  which	  Merlin	  might	  regulate	  receptor	  abundance	  and	  activation	  is	  not	  known,	  my	  work	  suggests	  that	  Merlin	  and	  Ezrin	  could	  work	  together	  to	  define	  cortical	  domains	  to/from	  which	  receptors	  are	  differentially	  trafficked.	  This	  could	  represent	  a	  fundamental	  intersection	  between	  cell	  polarity	  and	  receptor	  trafficking.	  	  It	  is	  also	  not	  clear	  whether	  deregulation	  of	  receptor	  activity	  is	  the	  only	  or	  even	  the	  major	  driver	  of	  tumorigenesis	  in	  Merlin	  deficient	  cells.	  Though	  human	  patients	  develop	  benign	  Schwann	  cell	  tumors	  upon	  biallelic	  inactivation	  of	  Nf2,	  mouse	  models	  reveal	  an	  unexpectedly	  broad	  role	  for	  Merlin	  in	  many	  different	  cell	  types	  (McClatchey	  et	  al.	  1997;	  Giovannini	  et	  al.	  2000;	  Kalamarides	  et	  al.	  2002).	  	  Indeed,	  heterozygous	  Nf2	  mutation	  leads	  to	  the	  development	  of	  a	  range	  of	  highly	  metastatic	  tumors	  including	  osteosarcomas	  and	  hepatocellular	  carcinomas	  (McClatchey	  et	  al.	  1998).	  	  	  	  
Potential	  role	  for	  Merlin	  in	  promoting	  genomic	  stability	  My	  work	  suggests	  that	  Merlin	  deficiency	  may	  contribute	  to	  tumor	  progression	  via	  a	  different	  mechanism.	  	  In	  Chapter	  2	  I	  showed	  that	  a	  key	  function	  for	  Merlin	  is	  to	  restrict	  cortical	  Ezrin,	  which	  is	  critical	  for	  proper	  centrosome	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positioning,	  spindle	  orientation	  and	  tissue	  architecture.	  Notably,	  these	  features	  are	  often	  perturbed	  in	  cancer	  cells.	  	  In	  many	  cancer	  cells	  supernumerary	  centrosomes	  are	  clustered	  such	  that	  cells	  retain	  the	  ability	  to	  form	  bipolar	  spindles.	  	  The	  mechanisms	  controlling	  centrosome	  clustering	  are	  not	  well	  understood	  but	  recent	  studies	  suggest	  a	  key	  role	  for	  the	  force-­‐generating	  properties	  of	  the	  cortical	  actin	  cytoskeleton	  (Kwon	  et	  al.	  2008).	  In	  line	  with	  our	  observations	  we	  note	  that	  loss	  of	  Merlin	  yields	  unclustered	  centrosomes	  and	  multipolar	  spindles	  in	  several	  types	  of	  cells	  that	  harbor	  supernumerary	  centrosomes.	  Aberrant	  centrosome	  clustering	  could	  affect	  genome	  stability	  (Kwon	  et	  al.	  2008).	  For	  example,	  transient	  defects	  in	  centrosome	  clustering	  can	  promote	  chromosome	  missegregation	  and	  aneuploidy	  (Ganem	  et	  al.	  2009).	  Indeed,	  inactivation	  of	  NF2	  is	  found	  in	  an	  increasing	  number	  of	  sporadic	  malignant	  human	  cancers	  including	  mesothelioma	  and	  renal	  adenocarcinoma,	  both	  of	  which	  are	  often	  aneuploid	  (Musti	  et	  al.	  2006;	  Dalgliesh	  et	  al.	  2010).	  Preliminary	  evidence	  from	  our	  lab	  indicates	  that	  Merlin	  deficiency	  in	  both	  mesothelioma	  and	  renal	  cell	  lines	  correlates	  with	  unclustered	  centrosomes	  and	  multipolar	  spindles,	  which	  can	  be	  rescued	  by	  exogenous	  Merlin.	  Alternatively,	  loss	  of	  spindle	  pole	  clustering	  can	  also	  decrease	  cell	  viability	  due	  to	  mitotic	  castrophe	  (Ganem	  et	  al.	  2009).	  Thus	  in	  some	  contexts	  loss	  of	  Merlin	  could	  actually	  favor	  tumor	  genome	  stability,	  as	  displayed	  by	  the	  benign	  schwannomas	  and	  meningiomas	  that	  NF2	  patients	  predominantly	  develop.	  A	  major	  goal	  will	  be	  to	  determine	  if	  failure	  to	  restrict	  Ezrin	  at	  the	  cortex	  in	  the	  context	  of	  Nf2	  deficiency	  promotes	  tumorigenesis	  via	  mitotic	  defects	  and	  chromosomal	  instability.	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It	  will	  be	  particularly	  interesting	  to	  investigate	  the	  role	  of	  centrosome	  unclustering	  in	  Nf2-­‐deficient	  renal	  tumors.	  Our	  lab	  has	  demonstrated	  that	  targeted	  deletion	  of	  Nf2	  in	  the	  mouse	  kidney	  yields	  hyperplastic	  lesions	  throughout	  the	  kidney	  that	  exhibit	  ectopic	  Ezrin	  localization	  and	  progress	  to	  eventually	  become	  invasive	  adenocarcinomas	  by	  6	  months	  of	  age	  (Morris	  and	  McClatchey	  2009).	  Interestingly,	  a	  key	  causative	  factor	  for	  renal	  cancers	  in	  humans	  is	  mutation	  of	  the	  von	  Hippel	  Lindau	  (VHL)	  tumor	  suppressor	  gene.	  	  Familial	  VHL	  patients	  that	  harbor	  heterozygous	  germline	  inactivating	  VHL	  mutation	  are	  predisposed	  to	  developing	  renal	  tumors	  and	  cysts.	  	  The	  best	  studied	  function	  of	  the	  VHL	  protein,	  pVHL,	  is	  a	  component	  of	  a	  ubiquitin	  ligase	  complex	  that	  targets	  the	  transcriptional	  activator	  hyoxia-­‐inducible	  factor	  (HIF)	  for	  degradation.	  	  In	  the	  absence	  of	  pVHL	  active	  HIF	  allows	  tumor	  cells	  to	  adapt	  to	  the	  low	  oxygen	  environment	  that	  occurs	  in	  many	  tumors	  (Kaelin	  2009).	  However,	  pVHL	  is	  also	  an	  efficient	  microtubule-­‐stabilizing	  protein,	  which	  in	  turn,	  has	  been	  linked	  to	  pVHL-­‐mediated	  control	  of	  mitotic	  spindle	  orientation,	  chromosome	  stability	  and	  cilium	  formation	  (Frew	  and	  Krek	  2007;	  Thoma	  et	  al.	  2007;	  Thoma	  et	  al.	  2009;	  Thoma	  et	  al.	  2010).	  While	  about	  half	  of	  sporadic	  renal	  tumors	  harbor	  inactivating	  VHL	  mutations,	  little	  is	  known	  about	  other	  driving	  mutations.	  	  Indeed,	  genes	  that	  are	  commonly	  mutated	  in	  other	  cancers,	  including	  Ras,	  ErbBs,	  p53	  and	  Rb,	  are	  not	  mutated	  frequently	  in	  renal	  cancer.	  	  Our	  lab	  has	  demonstrated	  that	  deletion	  of	  Nf2	  in	  the	  proximal	  convoluted	  tubule	  (PCT)	  of	  the	  mouse	  kidney	  leads	  to	  a	  rapid,	  multifocal	  and	  fully	  penetrant	  model	  of	  renal	  adenocarcinoma	  (Morris	  and	  McClatchey	  2009).	  	  In	  addition,	  we	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identified	  two	  Nf2	  mutations	  in	  renal	  cancers	  in	  the	  COSMIC	  database	  and	  Dalgleish	  
et	  al	  identified	  7	  Nf2	  mutations	  in	  a	  large	  panel	  of	  human	  renal	  carcinoma	  samples	  and	  cell	  lines	  which	  do	  not	  contain	  VHL	  mutations	  or	  exhibit	  a	  hypoxic	  signature	  (Dalgliesh	  et	  al.	  2010).	  Thus,	  Nf2	  deficiency	  might	  contribute	  to	  VHL	  independent	  renal	  cancers	  for	  which	  little	  is	  known.	  	  Evidence	  suggests	  that	  certain	  cell	  types	  or	  cellular	  contexts	  are	  differentially	  sensitive	  to	  loss	  of	  specific	  Merlin	  activities	  and	  the	  molecular	  basis	  for	  this	  is	  not	  understood.	  The	  kidney	  is	  one	  setting	  that	  appears	  particularly	  sensitive	  to	  the	  organizational/mitotic	  spindle	  defects	  observed	  upon	  loss	  of	  Merlin	  or	  pVHL	  function.	  	  Therefore,	  an	  understanding	  the	  molecular	  relationship	  between	  Merlin	  and	  pVHL	  in	  the	  kidney	  would	  be	  highly	  beneficial	  for	  determining	  which	  specific	  functions	  of	  Merlin	  are	  most	  critical	  for	  different	  cell	  types	  and	  contexts.	  	  
Treating	  Nf2	  deficient	  human	  cancers	  	   Molecular	  studies	  over	  the	  years	  have	  identified	  an	  array	  of	  receptors	  and	  signaling	  pathways	  that	  Merlin	  can	  regulate.	  	  Despite	  this	  knowledge	  there	  are	  currently	  no	  effective	  treatments	  for	  neurofibromatosis	  type	  2	  patients.	  For	  example,	  studies	  from	  our	  lab	  have	  shown	  that	  Merlin	  can	  negatively	  regulate	  EGFR	  signaling	  upon	  cell	  contact	  (Curto	  et	  al.	  2007).	  	  Furthermore,	  we	  have	  demonstrated	  that	  pharmacologic	  inhibition	  of	  EGFR	  blocks	  the	  proliferation	  of	  Nf2	  deficient	  liver	  progenitors	  in	  vitro	  and	  in	  vivo	  (Benhamouche	  et	  al.	  2010).	  	  However,	  treatment	  of	  NF2	  patients	  with	  the	  EGFR	  inhibitor	  erlotonib	  showed	  inconsistent	  effects	  (Plotkin	  et	  al.	  2010).	  	  The	  development	  of	  targeted	  therapies	  relies	  heavily	  on	  a	  clear	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molecular	  understanding	  of	  disease	  pathology,	  in	  this	  case	  Nf2	  deficiency.	  	  However,	  my	  studies	  suggest	  that	  there	  is	  much	  more	  that	  we	  need	  to	  understand	  about	  Merlin	  before	  we	  can	  begin	  to	  effectively	  treat	  NF2	  patients.	  	  Clearly,	  this	  is	  a	  call	  for	  more	  basic	  research.	  	   Considering	  that	  Merlin	  plays	  such	  a	  fundamental	  role	  in	  orchestrating	  an	  array	  of	  cellular	  activities	  it	  is	  difficult	  to	  imagine	  how	  a	  simple,	  strait	  forward	  therapeutic	  approach	  might	  be	  effective.	  	  Indeed,	  attempts	  to	  treat	  patients	  by	  targeting	  signaling	  pathways	  downstream	  of	  Merlin	  have	  been	  ineffective.	  	  To	  continue	  this	  strategy	  would	  be	  to	  ignore	  what	  we	  now	  understand	  about	  Merlin	  function	  and	  would	  likely	  lead	  to	  failure.	  	  In	  the	  case	  of	  NF2,	  the	  best	  alternative	  might	  be	  to	  re-­‐introduce	  a	  functional	  version	  of	  Merlin.	  Unfortunately,	  this	  is	  not	  yet	  technically	  feasible	  and	  therefore	  requires	  a	  different	  approach.	  	  	   My	  studies	  and	  others	  have	  shown	  that	  Merlin	  function	  is	  highly	  cell	  type	  and	  cell	  context	  specific.	  	  Cells	  express	  specific	  receptor	  types,	  are	  exposed	  to	  different	  receptor	  ligands,	  they	  interact	  with	  a	  number	  of	  different	  cell	  types	  and	  display	  specific	  cell	  architectures.	  	  In	  addition,	  my	  studies	  suggest	  that	  different	  mutations	  in	  Nf2	  could	  affect	  discrete	  Merlin	  functions.	  	  Therefore,	  depending	  on	  a	  given	  cell	  type,	  tumor	  context,	  and	  Nf2	  mutation	  we	  can	  expect	  that	  our	  approach	  to	  treatment	  will	  need	  to	  be	  just	  as	  specific.	  	  Clearly,	  this	  will	  require	  a	  personalized	  medicine	  approach.	  	  With	  the	  advent	  of	  rapid	  next-­‐gen	  sequencing	  technologies	  individual	  patient	  and	  tumor	  information	  may	  be	  readily	  available	  in	  the	  near	  future.	  	  	   In	  thinking	  how	  we	  might	  treat	  the	  typical	  NF2	  patient	  that	  develops	  schwannomas	  following	  biallelic	  inactivation	  of	  Nf2,	  my	  studies	  suggest	  an	  exciting	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new	  possibility.	  Both	  in	  vitro	  and	  in	  vivo	  I	  have	  shown	  that	  loss	  of	  Merlin	  and	  ERM	  function	  together	  is	  detrimental	  to	  cells.	  	  Therefore,	  we	  expect	  that	  Merlin	  deficient	  schwannomas	  in	  NF2	  patients	  would	  be	  particularly	  sensitized	  to	  loss	  of	  ERM	  function.	  	  To	  this	  end,	  we	  might	  imagine	  developing	  a	  pharmacologic	  inhibitor	  that	  locks	  the	  ERM	  proteins	  into	  an	  inactive	  confirmation	  or	  prevents	  their	  binding	  to	  actin	  or	  membrane	  receptors.	  	  It	  is	  not	  known	  if	  the	  ERMs	  are	  easily	  “druggable”,	  therefore,	  an	  alternative	  might	  be	  to	  target	  the	  kinases	  known	  to	  activate	  the	  ERMs.	  	  Indeed,	  inhibitors	  to	  Rho	  kinase	  are	  already	  available.	  	   Distinct	  from	  the	  typical	  schwannomas	  that	  NF2	  patients	  develop,	  inactivation	  of	  NF2	  is	  found	  in	  an	  increasing	  number	  of	  sporadic	  malignant	  human	  cancers	  including	  mesothelioma	  and	  renal	  adenocarcinoma,	  both	  of	  which	  are	  often	  aneuploid	  (Musti	  et	  al.	  2006;	  Dalgliesh	  et	  al.	  2010).	  We	  have	  recently	  found	  in	  a	  small	  set	  of	  NF2	  deficient	  mesothelioma	  cells	  containing	  supernumerary	  centrosomes	   fail	  to	  properly	  cluster	  their	  centrosomes	  to	  maintain	  a	  bipolar	  spindle.	  This	  one	  case	  where	  we	  might	  therapeutically	  target	  Nf2	  deficient	  cells	  differently.	  	  In	  this	  case,	  loss	  of	  Merlin	  may	  perturb	  spindles	  as	  a	  result	  of	  unclustered	  centrosomes	  leading	  to	  aneuploidy.	  	  Perhaps	  treatment	  with	  nocodazole,	  which	  also	  affects	  clustering,	  could	  be	  synthetically	  lethal	  here	  by	  pushing	  the	  cell	  into	  mitotic	  catastrophe.	  	  Along	  these	  lines,	  Aurora	  kinase	  inhibitors	  may	  also	  be	  effective	  treatments	  as	  they	  are	  essential	  for	  proper	  centrosome	  separation	  (Glover	  et	  al.	  1995).	  	  Indeed,	  a	  plethora	  of	  Aurora	  kinase	  inhibitors	  have	  been	  described	  (Taylor	  and	  Peters	  2008),	  and	  recently	  the	  Aurora	  kinase	  inhibitor	  ZM447439	  was	  shown	  to	  inhibit	  cell	  growth	  in	  all	  mesothelioma	  cell	  lines	  tested	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(Crispi	  et	  al.	  2010).	  	  Though	  the	  basis	  for	  sensitivity	  to	  this	  drug	  is	  unknown,	  we	  speculate	  that	  it	  may	  involve	  Nf2	  deficiency.	  	  Consequently,	  this	  is	  one	  example	  where	  cell	  context	  might	  be	  an	  important	  consideration	  for	  how	  we	  treat	  Nf2	  deficient	  tumors.	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